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Hydrogen, as one of the best alternative energy carrier candidates, is easier to sustain than 
fossil fuel. Hydrogen demand has significantly increased as a clean energy carrier. The Cu-
Cl cycle is one of the capable thermochemical cycles which is supposed to develop 
hydrogen production. Since this cycle has some high temperature stages, a study on these 
parts is essential to realize the entirety of the cycle.  
This research is about designing a system to evaluate candidate coatings following an 
immersion test in molten CuCl at 500°C for a prolonged time. Medium carbon steel was 
selected as the base metal. There were six types of combination coatings applied to evaluate 
the corrosion resistance of the generated coatings during the molten CuCl exposure. A 
ceramic of Yttria stabilized zirconia with two metallic coatings of Diamalloy 4006, and 
super hard steel coatings were applied in diverse combinations to the base metal using 
thermal spray methods.  
Previous immersion apparatus was modified and improved to perform an immersion test 
that has a similar condition at high temperatures with a commercial hydrogen plant. All 
safety procedures and safety mechanisms were developed and a new geometry was 
designed for samples. After the immersion test, the materials were evaluated using 
electrochemical methods in combination with ex-situ surface analysis. The surface 
condition, including film structure, elemental composition, and resistivity of the materials, 
was examined and then compared. This examination was performed before and after the 
mechanism development and then compared. The majority of coatings were intact and did 
not fall off. New sample geometry may have affected the integrity of the sprayed coating, 
as there were no deep cracks or corrosions on the coated specimens. If the coating cracked, 
it could provide a pathway for the corrosive environment to go under the coating layer and 
react with the base metal. The results suggest that both Diamalloy 4006 and SHS 9172 
HVOF coatings seemed to provide better protection to the underlying base metal than YSZ 
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1. INTRODUCTION  
1.1.  Project Introduction  
Hydrogen is considered to be one of the best alternative energy carrier candidates 
and is easier to sustain than fossil fuel. Since hydrogen is a copious chemical 
element, there are no concerns about running out of it. Hydrogen production demand 
has arisen in many major industries such as petroleum, gas, agriculture and 
transportation. [2] Particularly, hydrogen is supposed to be the most promising 
candidate for the future clean energy in the transportation industry. [3] 
An abundant and easily available source of hydrogen is water. Therefore, research 
is underway to develop efficient methods for thermochemical decomposition of 
water for hydrogen production by using heat and chemical compounds. Some of 
these methods propose to utilize waste heat from other industrial processes to 
improve efficiency. For instance, the waste heat from a nuclear power plant can be 
recycled in a close internal loop [2].  
Some methods for hydrogen production cycles being studied have better efficiency 
and can possibly be practical for commercial use [3]. These methods are based on 
using catalysts in a thermo chemical cycle to dissociate hydrogen from water. The 
majority of hydrogen productions cycles being considered, involve processes 
require temperature over 800°C [3]. The high operating temperature will bring other 
challenging problems including plant design and material selection [3]. The method 
based on using CuCl as the catalyst, which is called Cu-Cl cycle, has several 
advantages compared to the other cycles being investigated, including a lower 
operating temperature [3]. The highest operating temperature in the Cu-Cl cycle is 




The lower operating temperature means fewer problems associated with plant 
design, energy efficiency, environmental impact, material selection, and cost.  
 
Figure 1-1; The Schematic of Cu-Cl Cycle 
(The figure was adopted from Naterer et al. [3].) 
The Cu-Cl cycle uses a combination of chemical and electrochemical reactions of 
copper chloride compounds to separate water into hydrogen and oxygen [2, 3]. The 
process schematic and reactions of the Cu-Cl cycle are given in Figure 1-1 and 
Table 1-1. First, the hydrogen gas and aqueous CuCl2 are generated by the reaction 
between aqueous HCl and aqueous CuCl [3]. The aqueous CuCl2 is then dried to 
produce solid CuCl2 which is transferred to a fluidized bed reactor [3]. Using the 
heat that is recovered from the waste heat of the cycle, the reaction between input 




oxychloride [3]. The copper oxychloride is then transferred to a molten salt reactor 
to produce aqueous or molten CuCl and oxygen [3]. The Cu-Cl cycle is kept closed 
so that the chemicals and waste heat are recycled and reused during the hydrogen 
production process.  
One of the most important parameters to economically design a commercial 
thermochemical Cu-Cl hydrogen plant is the lifetime of all of materials used for 
molten CuCl vessels and transport system. Molten CuCl at 500°C is highly corrosive 
and under such conditions none of the known materials can resist chemical attacks 
for long period. A possible solution is to use metals which are highly resistant to 
corrosion as a substrate materials and apply some metallic and ceramic coating 
layers which will further help improve corrosion resistance. 
This project focuses on the materials required for the execution of step 1.4 of the 
Cu-Cl cycle reactions of Table 1-1 which is within the red rectangle of Figure 1-1 
which represent molten copper chloride and oxygen produced by solid “copper 
oxychloride” at an elevated temperature (around 500°C). As molten CuCl is an 
aggressive compound in this environment, developing special materials to resist 
corrosion failure is important. This study was undertaken to identify potential 
materials that can be used in a pilot plant for this cycle. 
Table 1-1, Steps and reactions of the Cu-Cl cycle step 
Step 
# 
Reaction Temperature Description  
1.1 𝟐𝑪𝒖𝑪𝒍(𝒂𝒒) + 𝟐𝑯𝑪𝒍(𝒂𝒒) → 𝑯𝟐 (𝒈) + 𝟐𝑪𝒖𝑪𝒍𝟐(𝒂𝒒) < 𝟏𝟎𝟎 ℃ Q input 
1.2 𝑪𝒖𝑪𝒍𝟐(𝒂𝒒) → 𝑪𝒖𝑪𝒍𝟐(𝒔) < 𝟏𝟎𝟎 ℃ Q input 
1.3 𝟐𝑪𝒖𝑪𝒍𝟐(𝒔) +𝑯𝟐𝑶(𝒈) →  𝑪𝒖𝑶. 𝑪𝒖𝑪𝒍𝟐(𝒔) + 𝟐𝑯𝑪𝒍(𝒈) 𝟒𝟎𝟎 ℃ Q input 
1.4 𝑪𝒖𝑶. 𝑪𝒖𝑪𝒍𝟐(𝒔) → 𝟐𝑪𝒖𝑪𝒍(𝒍)+
𝟏
𝟐
𝑶(𝒂𝒒) 𝟓𝟎𝟎 ℃ Q input 




After an initial literature search, many possible candidate coating materials were 
identified for this purpose, but due to a lack of confirmed data or a proper study on 
the corrosion caused by the molten CuCl, more research is required in this area. A 
number of potential substrate materials were also identified during the initial 
literature survey. In order to improve the corrosion resistance and survivability of 
the selected alloy, a ceramic coating can be applied to act as an insulator and 
protector of the underlying metal. The selected ceramic coatings should have a high 
corrosion resistance which will prevent the molten CuCl from corroding the 
underlying material. The adhesion between the selected ceramic coating and the 
substrate material should be very strong, so that it does not delaminate during 
operation. Not all materials form strong bonds and if the selected materials are not 
very compatible, the coating will not have the required adhesion strength. In such 
cases, a metallic bond coating can be applied to the substrate alloy in order to 
improve the adhesion between the ceramic top coatings and the substrate metals. 
High Velocity Oxygen Fuel (HVOF) and Air Plasma Spraying (APS) are the two 
common methods identified for applying the bond coat and ceramic top coating on 
the substrate metals.  
Siantar [1] designed and developed a system to carry out coating evaluations; 
however, none of the coatings tested by him survived the immersion test in which 
these were exposed to molten CuCl at 500°C. After studying Siantar’s research and 
his conclusions [1], it was decided to re-evaluate the entire experimental process and 
the specimen geometry. A bullet shape was chosen as the sample geometry to avoid 
lack of coating integrity on the sharp edges. The apparatus was also modified to 




In this thesis, the performance of the metallic and ceramic coatings on the base metal 
which is exposed to molten CuCl at 500°C will be investigated. In order to only 
evaluate the coating materials without focusing on the substrate materials, it was 
decided to carry out the initial tests on medium carbon steel as a substrate material. 
Medium carbon steel is not expensive and also its corrosion deposit color would be 
easier to recognise after performing the immersion tests. An immersion apparatus 
that was used to perform exposure tests could provide similar environmental 
conditions as may exist in the proposed hydrogen plant. The performance of the 
candidate materials and coatings will be evaluated using visual observation, SEM 
images and EDX results and an electrochemical method (Electrochemical 
Impedance Spectroscopy (EIS)).  
1.2. Thesis Objectives  
This study develops the earlier work of Edwin Siantar [1]. The main objective of 
this project is re-evaluation of the molten CuCl immersion system and the evaluation 
of the selected coating candidates by exposure to molten CuCl at 500°C for a 
prolonged period (around 100 hours), so that the performance of the coating and 
integrity of adhesion with base materials can be studied. The objectives of this thesis 
are to:  
1. Design new specimen geometry to avoid lack of coating integrity on the sharp 
edges of the sample to improve corrosion resistance during immersion tests.  
2. Improve the apparatus assembly, mechanism and system performance to 
minimize oxygen leakage into the ITV contains the molten CuCl at 500°C 
during prolonged testing. 
3. Monitor and evaluate the selected coating candidates after exposure to molten 




1.3. Thesis Organization 
In Chapter 2 of this thesis, the background of the corrosion process, coating 
methods, and all tests that had been done during this project are discussed briefly to 
better clarify the project. Literature review of the previous studies on corrosion of 
the selected materials, high temperature corrosion, molten copper chloride 
behaviour, appropriate coating, and EIS test are provided in Chapter 3. Within 
Chapter 4, EIS, SEM/EDX, immersion test apparatus and experimental procedures 
and setup are described. In Chapter 5, all the results are reported and discussed. 
Chapter 6 contains the conclusion and finally in Chapter 7 recommendations for 





2. LITERATURE REVIEW  
2.1. High Temperature Corrosion 
The terms ‘high-temperature corrosion’ or ‘hot corrosion’ are normally taken to 
apply to the reactions taking place between metals and gases at temperatures above 
100℃. During the hot corrosion, the presence of a liquid electrolyte does not require. 
This type of damage is called dry corrosion or scaling.[48] It is obviously in contrast 
with cases of wet corrosion at temperatures above 100℃, i.e. in pressurised boilers. 
Practically, some specific metals and alloys used at temperatures above normal do 
not suffer too much measurable attack in the atmosphere till the temperature is 
considerably above 100℃.  Some kind of metals such as iron and low-alloy steels 
form only the thinnest of interference oxide films at around 200℃. Copper usually 
shows the first sign of tarnishing at around 180℃, and while aluminium forms a thin 
oxide film at room temperature, the growth rate is extremely slow even around its 
melting point. 
A few of these cases occur in which wet corrosion and hot-corrosion are 
interdependent. The wet corrosion occurred if the condensation of liquids generated 
during a period at elevated temperatures. Such cases are properly considered as 
aqueous corrosion. [48] 
For the most significant practical hot-corrosion phenomena, reactions are controlled 
by the kinetics of the proceeding, rather than by the thermodynamic stability of the 
reactants or products involved. It is considerable that reaction occurred under 
simplified laboratory conditions are inappropriate for the more complicated 




2.1.1. High-Temperature Corrosion Kinetic Principles 
The main and first step of high-temperature oxidation is the oxygen adsorption on 
the metal surface, followed by oxide nucleation and the development of the oxide 
nuclei into a non-stop oxide film which is covers the metal substrate area. Defects, 
such as porosity, microcracks and macrocracks can develop through the film as it 
thickens. [48] These kind of defects tend to render an oxide film nonprotective, so 
that oxygen can simply reach the metal substrate to cause more oxidation. The term 
oxidation is ambivalent because it can either mean the formation of oxides or refer 
to the mechanism of oxidation of a metal (i.e., its change to a higher oxidation 
number than the metallic state). [49] 
2.1.2. The Pilling-Bedworth Relationship 
The volume of the oxide produced, relative to the volume of the metal consumed, is 
a key parameter in predicting the degree of protection estimated by the oxide scale, 
theoretically. If the oxide volume is relatively low, tensile stresses could crack the 
oxide film. Oxides, basically representing brittle ceramics, are mostly prone to 
fracture and cracking under such tensile stresses. If the oxide volume is very high, 
stresses will be set up that can suppose to a break in the adhesion between the metal 
and oxide. For a high level of protection, it can therefore be mentioned that the 
volume of the oxide formed should be comparable to that of the metal consumed. 
This argument is the basis for the Pilling-Bedworth ratio: 
𝑃𝐵 =
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑜𝑥𝑖𝑑𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑









D = density of the oxide (kg/m3) 
n = number of metal atoms in the oxide molecule 
d = density of the metal (u) 
w = atomic weight of the metal (kg/m3) 
P-B ratios slightly more than 1 (less than 2) could be anticipated to designate 
“optimal” protection, with uncertain compressive stresses generated in the oxide 
layer. It has been found that PB ratios are generally poor estimation of the actual 
and practical protective properties of scales. Some of the causes advanced for 
deviations from the P-B rule include; 
 There are some oxides in fact grow at the oxide-air interface, opposite to the 
metal-oxide interface. 
 Component and Specimen geometries can have a serious effect on the stress 
distribution in the oxide films. 
 Continuous oxide films are observed even if PB < 1. 
 Cracks and crevices in the oxide layers can be “self-healing” as oxidation 
progresses. 
 Porosity through the oxide is not precisely anticipated by the P-B parameter. [4] 
2.1.3. Protective Coatings for Corrosion Prevention  
Coatings are applied like a layer on the surface of an object which is called 
“substrate” to protect, cover or make it lux. For protection purpose, this layer could 
protect substrate material for longer time in a specific corrosive environment. One 




consider the high cost of the maintaining or replacing the base material. There are 
lots of parameters to choose an appropriate coating for a specific substrate material 
and environment (corrosion environment, stress, heat resistance, adhesion and et 
al.). Coatings are categorized in four different classes which are “organic, inorganic, 
conversion and metallic”.[5] Any mistake in coating material selection can cause a 
serious hazard to the environment due to let a corrosive substance reacts or escapes 
when the material loses its integrity. Usually a material with high corrosion 
resistance and nobility has to be selected as a coat which is adapted to the desired 
process environment. Generating and selecting a noble metal to prevent corrosion 
may be impractical due to the high cost involved. Sometimes applying coating could 
be the solution of the problems.  
Protective coatings are perhaps the most extensively used products for corrosion 
control. They are used to provide a long-term protection under a wide range of 
corrosive environments, extending from atmospheric exposure to the most severe 
chemical processing conditions. Coatings provide little or no structural strength, yet 
they protect other materials to keep their strength and integrity. The main purpose 
of a protective coating is to isolate structural reactive elements from environmental 
corrosives. The point that coatings occupy only a very small portion of the total 
volume of a system is reasonably telling of the heavy requirements imposed on these 
materials. A coating has to provide a non-stop barrier to a substrate, and any 
defectiveness can become the principal point for corrosion and degradation of the 
substrate.  
2.2. Molten Salt Corrosion 
A widespread variety of molten salts is used in industries and there exists a similarly 




in the baths. Molten salts involve mostly of mixtures of carbonates, nitrates or 
alkaline metals or halides of the alkaline-earth and these commonly have a prepared 
solubility for oxides of the other metals. Therefore, the molten salts can be 
adequately oxidising to react with other alloys in order to produce oxide. This oxide 
production does not have a protective effect and is consequently taken into solution 
of the molten salts and then the attack steadily progresses. In some cases adsorption 
of components of the salt mixture into the alloy can take place, with either beneficial 
or deleterious results. [54, 53] 
Attentions in the performance of molten salts in processes are constantly growing. 
The modification is enhanced by the enhancing demand for the novel refractory 
metals _often formed by processes containing molten salts_ and by the innovative 
chemical engineering techniques also that have been established in all the energy 
industry, as well. Such difficulties have inspired the study of corrosion in the molten 
salts and have directed this project to a fairly high degree of accepting of corrosion 
reactions. 
Furthermore, the material is strictly related to high-temperature corrosion that is 
usually caused by a layer of molten salts such as chlorides and sulphates. 
Considerations have been concentrated on the relevant thermodynamic data and the 
electrochemistry of this type of corrosion.  
2.2.1. General Principles 
In electrochemical view, the system molten salt is slightly like the system aqueous 
solution, although there are some more important differences, rising largely from 
differences in electrical conductivity and temperature. Molten salts are mostly ionic, 




they are holding very low activities of hydrogen ions. Since the aqueous system has 
been comprehensively studied, it is helpful to indicate some equivalents in molten-
salt systems. 
The exchanging reaction of a metal, M, and a molten salt, AB, that produce metal 
corrosion product, MB, and moved metal, A, can be written: 
M +  𝐴𝐵 ⇌ 𝑀𝐵 +  𝐴          (2.1) 




           (2.2) 
That the metal M is noble and the cation A of the salt is base, the constant of 
equilibrium (3.2) has a small value, thus the activities of displaced metal A and 
corrosion product MB stay small. The metal M and the salt AB, being pure 
substances, have an activity, however the corrosion product MB and the exchanged 
metal A will in the most cases be in solution upper than the melting point at an 
activity of less than one. Only if there are no other factors present which could 
combine with MB or A or remove them, the system will extent to equilibrium after 
a small amount of reaction during the corrosion has occurred and the system will 
then be “immune” against further corrosion. [64, 4, 53] 
Putting away for the instant effects due to passivity phenomenon, a metal can be 
corroded (oxidised) only if it is in exchange with a material that is reduced; in an 
aqueous electrolyte, either some other solute (regularly dissolved oxygen) is 
reduced, or hydrogen ions are moved to form hydrogen gas; in a molten salt, either 




moved to produce metal, or some molecular types or an ion is reduced. In aqueous 
electrolytes, consequently, metals that are so noble to transfer hydrogen corrode only 
if dissolved oxygen or some other reducible substance is present, and when the 
reducible material has been consumed, corrosion stops; the metal has become 
'immune', i.e. has reached electrochemical equilibrium with the environment. The 
condition is like molten salt corrosion, and the relative nobilities of the molten salts 
and the metal are important. A noble metal in exchange with a pure melt of a base 
metal cation can react individual to a very restricted amount delivered the anion is 
not reducible; for instance, nickel cannot move sodium from a sodium chloride melt 
to any considerable amount and therefore in molten sodium chloride, nickel will not 
corrode except if reducible impurity presents. [64, 4, 48] 
Usually a sufficiently noble metal container is selected for molten salts to neglect 
the displacement reaction (3.1). The most important features of corrosion in aqueous 
solutions are those which include reducible impurities, although in a molten salt 
there is another possibility of a reducible anion. General aspects can be defined for 
monitoring the “oxidising power” of the molten salt, which can be explained in 
terms of a “redox potential” in aqueous solutions. The redox potential is expressed 
by relationships of the form 






         (2.3) 
For instance, the redox potential of a system holding oxide ions and oxygen might 
be determined as: 
E = 𝐸𝑂2/𝑂2−











Similar equations can be expressed for other equilibria, e.g. Na+/Na, NO3-/NO2-, etc. 
The redox potential of a melt is a scale of its aggressiveness to the metals, and a 
metal in exchange with the melt will react with it until its potential becomes the 
same as the redox potential of the melt. The potential of the metal usually depends 
on the activity of its ions in solution in the melt 
E = 𝐸𝑀
0  + 
𝑅𝑇
𝑍 𝐹
ln 𝑎𝑀𝑧+        (2.5) 
Hence the oxidising power (higher the redox potential) of the melt, the metal will be 
more oxidise (corrode) —providing 𝑀𝑧+ ions —before reaching to the equilibrium. 
(Oxidation of the metal will also cause reduction of the oxidising kinds present in 
the melt, which under certain conditions can cause the redox potential of the melt to 
drop during the sequence of the reaction, in which circumstance equilibrium will 
occur at a potential slightly lower than the initial redox potential of the melt.) [64] 
2.2.2. Conditions for Corrosion in Molten Salts 
Corrosion will be determined by environments under which metals are exposed to 
molten-salts in three conditions: 
1. Environments under which equilibrium between metal and salt melt can be 
established and continued. 
2. Environments under which passivity is possible. 
3. Environments under which equilibrium cannot be reached. [4] 
In molten/metal systems, similar to aqueous systems, one imaginable way of 
ensuring adequate corrosion resistance is to select conditions so that the metal is 




film or deposit, adherent, preventing direct connection of the metal with its 
environment. Any molten salts which reacts with a metal to give a corrosion product 
insoluble in the melt is in principle accomplished of passivizing the metal, e.g. 
passivity can be estimated to occur in oxidizing salts in which metal oxides are 
cautiously soluble. Therefore, iron is highly resistant to molten alkali nitrates since 
it develops passive, and passivity has also been experiential by electrode potential 
measurements of an iron electrode in chloride molten containing nitrates, while in 
this specific condition the oxide corrosion product is not principally protective. 
Generally, molten salts are acceptable solvents for inorganic compounds therefore 
passivity is not possible to be a commonly encountered phenomenon. [48] 
If passivity is not possible, corrosion can be prevented if the metal can reach to the 
equilibrium with its molten salt (case 1). The system usually undertakes some 
corrosion firstly, when small amount of oxidising impurities are reduced and the 
redox potential of the molten salt falls. At last, after a definite amount of corrosion 
has happened, the metal becomes “immune” and corrosion stops. The primary 
reaction can be supposed to:  
NaOH + metal ⇌ Na2O + metal oxide + H2 
And for all metals at all temperature, equilibrium was reached at some characteristic 
pressure.  
The reaction can be withdrawn by applying a hydrogen pressure at the start of the 
reaction, or alternatively can be driven to the right by releasing the hydrogen formed, 
e.g. by removing with a gas stream. 




Na2O + metal ⇌ metal oxide + 2Na 
This reaction can be driven to accomplishment by frequently removing some of the 
reaction products, in this situation by distillation of sodium metal. Equilibration was 
delayed once the molten chloride were in contact with any glass containers which 
are not inactive and inert at such a high temperature. 
Under some conditions (case 2), it will be impossible for the metal and the molten 
salt to reach at to equilibrium and continuously corrosion will occur; this case 
happens often when metals are in exchange with molten salts practically. There are 
two main factors: first one, the redox potential of the molten salt may be prohibited 
from falling, because either it is in exchange with an outer oxidizing environment 
(like an air atmosphere) or the conditions could cause the products of its reduction 
to be removed continually (for instance condensation of a colder part of the system 
and distillation of metallic sodium); second one, the electrode potential of the metal 
may be prohibited from rising (e.g. if the products of  the metal corrosion is volatile). 
Furthermore, reaching to the equilibrium may not be achievable when there is a 
temperature gradient in the system or when alloys are involved in the reaction, but 
these cases should be considered in detail, separately. Rates of corrosion under these 
conditions where reaching to the equilibrium is not possible are controlled by 
interphase mass transfer and diffusion of oxidizing materials and/or corrosion 
products; geometry of the system will be a critical factor. 
2.2.3. Special Properties of Molten Salt Corrosion 
2.2.3.1. Thermal Mass Transfer  
Whenever a temperature gradient exists in some reactions included metal in 




metal at high-temperature and metal deposition at cooler places. This mass transfer 
is basically unlike in nature from that happened in aqueous corrosion, which is only 
a temperature-solubility effect. In molten salts, both the corrosion and deposition 
reactions are electrolytic, and it has been presented that an electrical path is 
necessary between the hot and cold areas of the metal. Edeleanu and Gibson [63] 
recommend that this kind of mass transfer be called ‘Faradaic mass transfer’ to 
show that it requires an electrolytic current. 
Mass-transfer deposits can direct to obstructions in non-isothermal circulating 
systems, if it is liquid-metal corrosion. In molten salts, the effect can be reduced by 
keeping pollution and contaminations of the molten by metal ions to a minimum; 
e.g. by keeping reducing conditions over the molten part or by removing oxidising 
impurities. [64] 
2.2.3.2. Electrochemical Corrosion of Metals 
Since the aggressiveness of molten salt is directed by redox equilibria, and is usually 
controlled by composition of the outer atmosphere, in aqueous systems effects 
equivalent to ‘electrochemical’ or ‘oxygen-concentration’ corrosion can occur in 
molten salt. 
Tomashov and Tugarinov [62] determined cathodic polarisation curves in molten 
chlorides and concluded that the cathodic reactions of impurities could be indicated 
as: 
O2 + 4e-→2O2- 




H2O ⇌ H+ +OH- 
H+ +e-→1/2 H2 
SO2-4 + 8e-→ S2- +4O2- 
2NaNO3 + 6e-→ Na2O + 2NO + 3O2- 
2NaNO2 + 2e-→ Na2O + 2NO + O2- 
The anodic reaction was: 
M − e-→ M+ 
Because metals are known as electrical conductors, the anodic and cathodic 
reactions will not necessarily occur at the same position, and ‘anodic’ and ‘cathodic’ 
areas can progress as in aqueous solutions. For instance, 'wash-line' attack is usually 
a property of corrosion by molten salts in exchange with air. [64, 4, 48, 54] 
2.2.3.3. Selective Attack 
High temperatures corrosion of alloys is more complicated by effects due to 
diffusion, especially where the alloy components have different similarities for the 
environment, and corrosion of an alloy in a molten salt at high temperature usually 
shows properties related to those of internal oxidation. When Inconel (high-nickel 
alloy) is exposed to molten sodium hydroxide, a two-phase corrosion-product layer 
could be formed, resulting from evolution of the reaction product (a mixture of 
oxysalts and oxides). “Selective removal of the less noble components happen, and 
as it is called diffuses outwards (Kirkendall effect). Voids tend to form at the grain 




intercrystalline corrosion, as diffusion rates are faster at grain boundaries than in the 
grains.” [8] More careful analysis has shown, however, that in the case of Fe-19Cr-
8Ni corroding in a fused 50-50 NaCl/KCl molten salt at 800℃ in the existence of 
air, the occurrence is not unceasing at the boundaries of grains, and the voids formed 
are not in exchange with each other. In high-nickel alloys, a greater amount of voids 
are formed within the grains and the presence of intercrystalline attack is less 
marked. [64] 
2.2.4. Molten Chloride Salts 
Copper Chloride (CuCl) is one of the compounds that are regularly used as a 
desulfuring agent in the petroleum and gas industries. There are limited references 
and publications available on molten CuCl corrosion; however, there are several 
researches on other molten chloride salts that can be related to molten CuCl 
corrosion because the chloride ions (Cl-) is the main reason of corrosion of molten 
CuCl which is usually cause the corrosion reaction. One of the most common 
applications of molten chloride salts are metal reduction for recycling [20] and 
pyrochemical fuel reprocessing [21] and generally the nuclear industries. Molten 
chloride salts could be found as a waste in furnace plants products too. 
During the corrosion reaction, the aqueous electrolyte provides an easier 
environment for ion transport. However, the mechanism of corrosion in aqueous 
corrosion is similar to the molten salts behaviour. The lower operating temperature 
and less ionic conductivity in any molten salt solution would decrease the corrosion 
rate compared to corrosion in an aqueous solution [23, 24]. 
Based on the condition and environment of the reaction, the corrosion product of a 




in molten chloride are selective leaching, pitting, metal oxidation, and uniform 
corrosion [21]. The corrosion products are usually in the form of a thin layer of salty 
deposit on the sample surface. The thin layer that is deposited on the surface can 
accelerate metal and alloy oxidation, decrease the rate or keep it constant based on 
the environment. Sidhu et al. [25] explained a failure that could happen by the 
protective oxide layer corrosion where was permitted the molten chloride to have 
more access to the substrate at high temperature. The molten chloride would react 
and remained on the substrate could increase the corrosion effects.  
Metal chlorides can be produced as a result of a redox reaction, once an active metal 
and the molten chloride react [22]. The metal chloride is one of the usual products 
that can be formed in the presence of molten chloride. Some recent studies [20, 25, 
26] presented variety patterns of phenomenon which could happen during the 
immersion. In terms of thermodynamic view, the Gibbs free energies for the metal 
chloride formation can represent if the metal chloride could be produced. A positive 
value of Gibbs free energy proves a weak driving force for the formation reaction of 
metal chloride. [1] 
2.3. Passivation  
2.3.1. Introduction 
Most of metals and alloys have a thin layer protective corrosion film on the outer 
surface resulting from reaction with the environment solution. However, it is 
considerable that gold and platinum are exceptions. Some of passive layers on some 
kind of alloys and metals, not all of alloys and metals, have exceptional qualities 
which assist them to arrange for greater corrosion resistant surfaces. The passivity 




2.3.2. Types of Passivation 
There are two types of passivity [48]: 
Type 1: "Passivity is when a metal significantly resists corrosion in an identified 
environment producing from marked anodic polarization" (noble potential, low 
corrosion rate). [48] 
Type 2: "Passivity is when a metal significantly resists corrosion in an identified 
environment even though a marked thermodynamic tendency to react". (Low 
corrosion rate, active potential) [53] 
 
 
Figure 2-1; An Idealized and Schematic Anodic Polarization Curve of a Passive Metal  
Adapted from Uhlig, Herbert Henry, and R. Winston Revie. Uhlig's Corrosion Handbook. 51 Vol. 




On this figure, three different areas are defined; the transpassive, the passive, and 
the active. Once the current density reaches to the critical current density for 
passivation (ic) at the specific passivation potential (Ep), any potential more than EP 
descents to the low passive current density (ip). [48] 
This type covers just Type 1 passivity. Titanium, Chromium, Iron and Nickel in 
oxidizing environments, stainless steels and several others are in Type 1. Iron in an 
inhibited pickling acid are in Type 2. [48] 
In polarization curve of Figure 2-1, Type 1 passive system is shown. 
A helpful definition of passivity has been provided by ASTM (G15-83); “passive: 
the state of a metal surface characterized by low corrosion rates in a potential region 
that is strongly oxidizing for the metal” [53, 48]. 
2.4. The Metallic and Ceramic Coatings  
a) There are numerous metal alloys that have good performance when exposed 
to a molten chloride salt environment [9]. Nevertheless, it is improbable that 
any alloy can resist hot corrosion attack (especially in the existence of an 
aggressive agent such as molten chloride) for a long exposure time. A high 
temperature or thermal barrier coating can be used to protect the underlying 
surface so that the portion can last longer in the high temperature corrosive 
environment. The need for a protective coating to keep the underlying surface 
is developing because higher temperature applications have similarly 
increased significantly in industry.  
b) A coating is applied for numerous reasons such as, providing a thermal 




resistance. There are dissimilar types of coating methods that can be 
characterized based on how the coating is deposited. One of the most conjoint 
coating methods used in industry are electrochemical deposition 
(electroplating, sol-gel, and anodizing), physical vapour deposition (electron 
beam, sputtering, ion plating, and cathodic arc), and thermal spray [10]. Each 
of these coating methods has some specific advantages and disadvantages. 
Compared to the other coating methods, thermal spraying has been widely 
used in the industry and has a higher deposition rate [10, 11]. The thermal 
spray method also allows the material to hold free during spraying process, 
which is suitable for coating large construction and structural materials. 
Nowadays, there are several different thermal spraying methods practical in the 
industry, such as vacuum plasma spraying (VPS), HVOF, and APS. The different 
methods are categorized based on the source of heat and the fuel (gas) used to spray 
the coating powder. The coating materials (can be in the form of metal rod or refined 
powder) are placed in a feeder storage tank and heated. The molten material is then 
converted into elements using high velocity stream of compressed air, plasma or 
gases and then sprayed onto the specimen to be coated [10, 11]. APS and HVOF are 
normally selected because of the capability of both methods to produce a coating 
with acceptable quality and low porosity [10, 13].  
The strength and quality of the sprayed coating is determined by its composition and 
adhesiveness, microstructure, porosity, and hardness [10, 12]. The presence of 
micro-cracks and pores can provide some pathways for corrosive substances to 
penetrate into the protected substrate. The quality of the coating can be changed by 




spraying feed rate, the type of fuel used, the spraying temperature, and the particle 
size distribution [10].  
2.4.1. Bond Metallic Coating  
Usually a bond coat is applied in order to provide an uneven surface to improve the 
mechanical bonding during top-layer coating application. The bond coat also assists 
the top coating purpose which is keeping the underlying alloy substrate from 
corrosion and high temperature oxidation. In addition, the bond coat can minimize 
any effects of different coefficients of thermal expansion between top coat material 
and the substrate in order to prevent thermal shock. These differences will create 
problems during the heating and cooling process, as the coating might be damaged 
or crack.  
Uusitalo et al. [14] recommended that HVOF coating has better coating density than 
arc spray coating. The better coating density presents that an HVOF coating will 
demonstrate better corrosion resistance because it has fewer oxide, voids, and splat 
boundaries that are often prone to attack. The molten chloride salt has an affinity to 
attack surface defects. Typically both micro-crack splat boundaries and porosity 
form an interconnected network through the coating. These defects are possible 
reasons to attack as the molten chloride could penetrate the coating, and then form 
the corrosion product underneath the coating. This is one of the reasons to allow 
attack of the underlying surface and decrease the bonding strength.  
Porosity is one of the important parameters to determine some properties of thermal 
barrier coatings, e.g., thermal shock and thermal cycling resistance. HVOF has the 
quality of improving the corrosion and erosion resistance of any amount used in 




known for its low porosity. Ni-based alloys (e.g. Diamalloy) are usually used as 
popular material for HVOF bond coating system because Ni-alloy has an acceptable 
corrosion resistance [10, 13]. Diamalloy 4006 is a nickel based amorphous alloy 
(Ni-20Cr-10W-9Mo-4Cu-1C-1B-1Fe) and as-sprayed coating is crystalline. 
Super Hard Steel (SHS) 9172 HVOF is an iron based steel alloy which was used for 
this project.  
2.4.2. Top Ceramic Coating  
The APS coating method is another method that is used in order to apply coatings 
with a wide range of thickness and acceptable mechanical properties [15]. However, 
some problems that could be raised are poor porosity and adhesion, particularly 
when it is used for joining two different types of materials, such as metals and 
ceramics. However, the use of a bonding coat or a smaller particle size powder will 
improve the quality and adhesion of the top ceramic coating.  
Yttria Stabilized Zirconia (YSZ) which is used for an insulating top coat strictly 
matches the majority of high nickel content alloys [17]. Matching the coefficients 
of thermal expansion values for the underlying metal and the YSZ coating decreases 
any chance of damaging the coating during heating and cooling process. Shankar et 
al. [15, 18] studied on molten LiCl-KCl that samples coated with thermal plasma. 
Sprayed YSZ performed well, which is shown by minimal damage experienced by 
the underlying metal and coating. The visual observations showed that there was no 
accelerated corrosion on the APS coated metal after some immersion periods [15]. 
On the other hand, the uncoated sample showed damage on the surface of the sample 




2.5. EIS Test  
EIS can provide an indication that materials were actually damaged or corroded. In 
the EIS method, a circuit model is used to fit the EIS data and represent the surface 
condition. There are many electric circuit models that can fit the EIS data, but this 
does not mean that each of those circuit models is the correct representation of the 
surface. Ex-situ surface analytical methods, such as SEM and EDX are required to 
validate the analysis gathered from the EIS test. Zhong and Desai [16] correlated 
EIS results (Figure 2-2a) and cross-section SEM images (Figure 2-2c) of the 
sample: the equivalent circuit (Figure 2-2b) was selected to represent the surface 
condition of the tested material. The cross-section SEM image showed the 
microstructure and the many different layers on the sample. 
A suitable circuit representation for the EIS spectra is approximated. The Bode plot 
given in Figure 2-2 suggested that there were three time constants in the system. 
Each of these time constants (τ=RC) was represented by a combination of a resistor 
and capacitor electric circuit element (R-C network). This equivalent circuit used 
has been described in the established literature [16]. The pores and defects in the 
coating are represented by a capacitor (Cp) and a resistor (Rp) in parallel, as can be 
seen in Figure 2-2b [16]. The equivalent circuit that represents the sample consists 
of a resistor in series with a node for a network of a capacitor in parallel with resistor. 
The resistor in the node is in series with another node also consisting of an R-C 
parallel circuit. Another R-C parallel node is connected in series with the node as 







Figure 2-2; In (a) the Bode plot of the EIS experiment; (b) the SEM image of the material cross-section, and (c) 
the equivalent circuit model to represent the material condition.  
All figures were taken from Zhong and Desai [16]. 
The equivalent circuit could be correlated with the Bode plot by looking at the peaks 
of the plot. The first peak was interpreted as the coating capacitance (the arrow on 
the right) occurring at high frequency [12]. The second peak was interpreted as the 
pore capacitance of the materials (occurring at mid-range frequency). The last peak 
was the electrode double layer capacitance. Each of these capacitors in parallel with 
a resistor are consistent with the resistance plateaus seen in the Bode plot (Figure 
2-2a). The horizontal line at the lower frequency represents the solution resistance. 
The Rc-Cc node (Figure 2-2b) represents the top coating matrix and the Rp-Cp node 
represents the porous surface of the coating [15]. The Rt-Cd node (Figure 2-2b) was 
attributed to the interface between the materials and the electrolyte. The Rs 
represented the solution resistance. Each of the elements were associated with an 
actual physical condition of the material and the values used to indicate surface 
changes or damage to the tested material [15]. Each of the R-C networks was a 




SEM results to support each result and determined the actual surface condition of 





3. THEORIES AND BACKGROUND 
3.1. Corrosion Background  
One of the definitions of corrosion is the degradation of a material due to 
a reaction with its environment. Degradation indicates deterioration of physical 
properties of the corroded material. This weakening can occur due to a loss of cross-
sectional area, the metal shattering from hydrogen embrittlement, or the breaking up 
of a polymeric material due to UV sunlight. 
The corrosion process is an electrochemical reaction that involves one pair of half 
reactions namely oxidation and reduction reactions. It means one of the substances 
increases its oxidation number and receive H+, or donate electron(s), and the other 
substance donates H+, or receives electron(s), therefore its oxidation number is 
reduced. As an example of the electrochemical reaction, if carbon steel is placed in 
an acidic solution, it elevates in oxidation number and is oxidized at the “anode”, 
and acid cation (H+) is reduced or gains electrons at the “cathode”. This “redox” 
reaction is considered as the corrosion of steel.  
When metal is placed into an acidic electrolyte, it acts as an anode and its oxidation 
number is elevated from zero to positive value and forms Mm+. The acidic 
solution/electrolyte (the cathodic electrode) is reduced at the cathode and accepts 
electron xe-. 
Generally metals are elements that tend to release electrons or oxidized when they 





A common oxidation reaction in corrosion is the oxidation of metal atoms to 
positively charged metal ions: 
M → M+2 + 2e- 
The lost electrons from a metal usually go to a non-metallic atom forming a 
negatively charged non-metallic ion. The atom which has gained the electron(s) is 
said to have been reduced or the oxidation number is reduced.  
4H+ + O2 + 4e- → 2H2O 
Or, 
 
2H+ + 2e- → H2 
The amount of oxygen in an environment, and its ability to absorb electrons, is an 
important factor in determining the affinity to corrode for that metal. [50] 
Generally, there are two aspects of corrosion process; thermodynamics and kinetics. 
The thermodynamic aspects cover the energy changes in the corrosion process to 
determine if the reaction may occur or not. The thermodynamic view also discusses 
the stability of the reaction and the corrosion reaction products but it does not 
consider the corrosion rate. The corrosion rate can be determined by studying the 
kinetics of corrosion. 
From a thermodynamic prospective, change of the Gibbs energy,  ∆𝐺, is the main 
factor which is related to the electrochemical potential between the two redox 
reactions, and determines the possibility of a reaction occurring [4, 5]. The Gibbs 





°      (3.1) 
Where, 𝑛 is the number of electrons being exchanged during the corrosion 
reaction, 𝐹 is the Faraday’s constant (which is 96,500 C/mol), and 𝐸𝑐𝑒𝑙𝑙
°  is the 
corresponding potential or the sum of the anodic and cathodic reaction standard 
potential.  
Each of the cathodic or anodic reactions has their specific standard potential value, 
known as 𝐸°. The electrons that are involved in corrosion reaction tend to flow from 
the anode to the cathode. In order to measure the standard potential of the two 
reactions, a reference value or standard electrode is required. The standard hydrogen 
electrode (SHE) potential is usually used as the reference for potential measurements 
since the SHE equilibrium potential is defined as zero at any temperature [4].  
For instance, two metals (nickel and iron) are placed in two separate containers filled 
with HCl solution. By comparing the Gibbs free energy change (∆𝐺) values of the 
two reactions, the reaction which is more thermodynamically favorable can be 
determined. These reactions for nickel and iron in HCl solution are: 
Nickel:    Ni+2HCl→NiCl2 + H2       (3.2) 
Iron:    Fe+2HCl→FeCl2 + H2       (3.3) 
Both nickel and iron when placed in HCl solution will produce metal chloride (iron 
chloride or nickel chloride) and hydrogen gas. Both reactions can be simplified into 
ionic reactions: 




Iron:    Fe+2H+→Fe+2 + H2        (3.5) 
Each of these ionic reactions can be separated into individual anodic and cathodic 
reactions. The redox reactions for nickel and iron in HCl solution and the standard 
reduction potential value of each reaction [6] are: 
Ni+2 /Ni reaction     E°= - 0.25 V    (3.6)  
Fe+2 /Fe reaction     E°= - 0.44 V    (3.7)  
H+ /H2 reaction     E°= 0V    (3.8)  
By comparing the E𝑐𝑒𝑙𝑙
°  value of each redox reaction of nickel and iron, the more 




°      (3.9) 
Where E𝑎
°  is standard potential of anodic reaction and E𝑐
°  is standard potential for 
cathodic reaction. The E𝑐𝑒𝑙𝑙
°  values of nickel and iron in HCl solution are: 
Nickel:    E𝑐𝑒𝑙𝑙
° = 0 V − (−0.25 V) = 0.25 V 
Iron:    E𝑐𝑒𝑙𝑙
° = 0 V − (−0.44 V) = 0.44 V 
The reaction between iron and HCl solution is more thermodynamically possible 
since E𝑐𝑒𝑙𝑙
°   value is greater positive value. The E𝑐𝑒𝑙𝑙
°  value is directly proportional to 
the greater E𝑐𝑒𝑙𝑙
°  value, the larger negative value of ∆𝐺 is for iron-HCl reaction. The 
larger negative value of ∆𝐺, the more thermodynamically favourable the reaction is 




3.2. Coating Background  
Coatings are different type of materials which are applied like a layer on the surface 
of an object which is called “substrate” to protect, cover or make it lux. For 
protection purpose, this layer could protect substrate material in a corrosive 
environment. There are a number of parameters to be considered for choosing an 
appropriate coating for a specific substrate material and environment such as 
corrosion environment, stress, heat resistance, adhesion, etc. Usually a material with 
high corrosion resistance and nobility has to be selected as a coat and it should be 
compatible with the desired process environment. Making an entire product from a 
noble metal to prevent corrosion may be impractical due to the high cost involved. 
Applying an appropriate coating could be the solution of the problems.  
3.2.1. Thermal Spray Methods for Applications of Coatings 
3.2.1.1. APS 
For this project, coating were applied by Air Plasma Spraying (APS) and High 
Velocity Oxyfuel (HVOF) methods. In APS method, an electric arc is used as the 
heat source to generate a high-temperature plasma jet by an inner high-velocity gas 
to apply the coating on the substrate. However, as oxygen enters into the plasma 
injector from the air, some oxide layers or compounds are typically formed on the 
coating. APS coating are known for the higher bond strength, higher density and 
better surface roughness and are less expensive than other spraying methods [8, 54].  
Briefly, APS process involves heating the plasma that is fed into the furnace or 
chamber; (Figure 3-1) in order to increase the ionization process. It also expands 
the plasma gas to create a plasma stream [7]. Therefore, this stream will carry the 




stream velocity and temperature depend on the generated arc current in the chamber. 
In order to increase the size of the arc, a high AC current can be used in APS method. 
This also accelerates expansion of the plasma gas, so that increases the velocity of 
the plasma stream. The plasma stream temperature can generate up to 1370°C and 
velocities up to 800 m/s, which is enough for melting a large amount of coating 
material powders [7]. 
 
Figure 3-1; APS Spraying Method Apparatus. 
The figure was adopted from Siantar [1].   
(The coating powder is sprayed on to the metal substrate through the gun nozzle by the plasma 
stream which is generated from the passing of electric current of the arc to the gas. The powder is 
distributed from the powder feeder.) 
 For high temperature applications, ceramic coatings are usually applied by thermal 
barrier coatings (TBC) since they have high melting points. Ceramics behave like 
an insulating layer to the underlying metal. APS high spraying temperature can 
provide a better homogeneity of the ceramic particles applied on underlying 
substrate which has a big effect on improving the coating quality [10]. There are 
some technical methods to avoid the APS disadvantages by other spraying 
parameters that could be helpful for the APS method quality. For instance, one 




bond strength and affect the porosity of the applied layer [10]. In order to have a 
better coating quality, the spraying could happen in a vacuum chamber that will 
remove all the unwanted gaseous elements, furthermore, this method could provide 
a better control of the residual stress and bond strength and integrity for the coating 
[10]. Obviously, the lack of oxygen always could eliminate the oxidation problem 
during the spraying process at an elevated temperature. Although, once a vacuum 
chamber is used, the size of the sample could make some limitations because the 
sample has to be fitted with the chamber cell.  
3.2.1.2. HVOF 
HVOF (High velocity oxy-fuel spraying) is a usual thermal spraying method that 
uses Kerosene as fuel gas combustion and mix it with oxygen to create a high 
velocity impact which is used to apply the coating material onto the substrate [4,7]. 
This combustion occurs inside a chamber which is connected to a nozzle at the outlet 
to exit the high velocity gas stream which is carrying the coating powder from the 
feeder to the purposed substrate (Figure 3-2). 
 
Figure 3-2; The Illustration of HVOF Spraying System.  




The generated coating powder is distributed from the powder feeder into the path of 
the high velocity gas stream. The coating powder is sprayed onto the metal substrate 
through the spray nozzle by energy created by the ignition of fuel and oxygen.  
An advantage of the HVOF technique is that this method works at a relatively low 
temperature and creates the high velocity of the sprayed powder particles in 
comparison with other methods. This technique improves coating quality compared 
to other coating thermal spray processes [8]. HVOF method is also known as it has 
a good adhesive strength, reliability, and long lifetime [9].  
As shown in Figures 3-1 and Figure 3-2, in both of APS and HVOF methods, spray 
nozzles could coat materials of various sizes and hold samples by holder during the 
spraying process. However, this could be a disadvantage as well as an advantage. 
When the sample geometry has sharp edges, the problem would be appeared. It is 
difficult to coat the specimen uniformly when it is held by holder. The coating can 
be applied in several more layers around the edges of the sample to compensate the 
edge effect although this could not produce a uniform coating layer with appropriate 
integration on a flat surface. Any poor quality coating could cause crack and damage 
on the edges and let a corrosive environment penetrate the coating. Then, by 
penetrating and cracking the coating from the underneath surface it could crack 
whole of the protected surface. Therefore, the best way to prevent these defects is 




3.3. EIS Background  
3.3.1. Background Theory of EIS  
The base of the EIS technique is electrical impedance. Since actual electrochemical 
process is complicated, electrical impedance would be more preferred to use than a 
resistor element. In the other word, the ohmic electrical resistance (R = V/I) is too 
simple [12, 13]. Impedance analysis (Z) is used instead of resistance analysis (R), 
so that capacitive and resistive elements are consisted in the circuit assessment. The 
total impedance (Z = Vac/Iac) explains how well the circuit resists the AC 
(Alternating Current) current flow that can be related to the features of the coating 
or film [13, 14].  
By applying an AC potential to the electrochemical cell and calculating the current 
response, the impedance of an EIS test could be estimated. Both the applied AC 
potential and the calculated current are like a sinusoidal wave (Figure 3-3). The 
current and applied AC voltage response can be determined by using following 
equations [14]: 
𝐸(𝑡) = 𝐸0 sin  (𝜔𝑡) 
𝐼(𝑡) = 𝐼0 sin  (𝜔𝑡 + ∅) 
where, I(t) and E(t) are the current response and applied potential, with respect to 
the time, respectively, I0 and E0 are the amplitudes of the applied current and 
potential responses, f is the frequency, 𝜔 is the radial frequency (2πf), and ∅ is the 
phase shift or angle between the current wave and potential. Impedance also 








𝐸0 sin  (𝜔𝑡)
𝐼0 sin  (𝜔𝑡 + ∅)
  
 
Figure 3-3; Phase Shift Diagram 
The current response displayed with the black line and the applied voltage with the 
red line. The phase angle stands for shift or the lag between the two signals. 
The three basic elements are capacitors, inductors, and resistors that used in an 
electric circuit. Each provides different current responses. The current response will 
have different phase shifts or angles in its sinusoidal wave based on the 
characteristics of the element when the potential is applied to an electric circuit with 
these circuit elements. A resistor is inclined to resist or avoid the electric current 
flow. The phase shift is 0° when an AC current is passing through a resistor because 
the current response stays on the same phase as the applied voltage. A resistor is 
usually related to the conductivity of the electrolyte, the film resistance, or the 
charge transfer of a corrosion reaction [15]. A capacitor is a circuit element that can 
keep and include the electron charge or delay a current. We will have a lag of -90° 
in the resulting current when a current is passing through a capacitor [15]. A 




the electrolyte and working electrode or the film capacitance of a coating interface 
[15]. An inductor is a circuit element that advances current and is frequently related 
to absorption effects within the film [15]. The resulting current will have a phase 
shift (advance) of 90° when a current is passing through an inductor [15]. The total 
impedance of the system can be determined with combining the phase angle and the 
magnitude of the applied potential and current response.  
3.3.2. Interpretation of EIS Results  
Impedance (Z) is composed of two components, the magnitude (|Z|) and the phase 
shift (∅), values of which are plotted into a vector plot (Figure 3-4a) [14]. A vector 
graph is a suitable way to represent the applied potential and current response with 
regard to the Z magnitude and the phase angle [16]. The imaginary value of the 
impedance (Z”) is plotted versus the real value of the impedance (Z’) and Z can be 
plotted as well as in a complex plane (Figure 3-4b).  The complex number 
demonstration is used hence it can mathematically express the phase angle 
relationship between electric circuit components [16]. The relationship between the 





𝑍2 = 𝑍′2 + 𝑍"2  
The Z” versus Z’ plot is called a Nyquist plot which is a frequency dependent graph 
of all the AC impedance values concluded [14]. The frequency dependent plot 
allows the researcher to analyze the data concluded over a frequency range. There 
are two additional Bode plots, Bode |Z | and Bode phase angle, which are plotted 




required to model or represent the system can be approached, by analysing these two 
plots. 
 
Figure 33-4; Figure (a) is the vector plot of the impedance magnitude and phase angle and (b) is the complex plane 
plot of Z” vs Z’. 
Resistors and capacitors are the circuit factors that are regularly used to demonstrate 
the film condition of an uncovered metal or a coating. The resistor has only one real 
impedance value and no imaginary impedance value [14]. The resistance value does 
not modify with the frequency so the Nyquist graph of a resistance is a single point. 
The resistance in the Bode plot will be plotted as a horizontal line throughout the 
range of frequency for this experiment, since it is only one constant value. On the 
other hand, the capacitance in the Nyquist graph has only imaginary impedance 
values [14]. Absolute capacitance impedance will lie on the Z” axis of a Nyquist 
plot and the impedance will reduce as the frequency rises. The capacitance should 




4. EXPERIMENTAL SECTION 
4.1. Materials and Supplies 
The materials and chemicals used during the experiments are described below; 
4.1.1. Gas Used and Sources 
Nitrogen (ultra high purity~99.99%, oxygen content less than 3 ppm) gas was used 
for deareating the electrolyte during the running of immersion test. Argon (ultra high 
purity~99.99%, oxygen content less than 3 ppm) gas was used for deareating the 
electrolyte before running EIS experiment. Both gases were purchased from Praxair. 
4.1.2. Chemicals Used and Sources 
CuCl (Cuprous-copper chloride) powder was used to provide an environment with 
similar conditions that will exist in the proposed CuCl cycle that the coated samples 
will be exposed to. CuCl (Reagent Plus®, purity, ≥ 99.0%), a green-grey powder, 
was purchased from Fisher Scientific. The CuCl powder was stored in the oven at 
80°C for 4 hours prior to immersion test to remove the moisture from the powder 
(drying purposes). 
NaHCO3 (Sodium Bicarbonate) fine ACS grade powder, purchased from Sigma 
Aldrich, was used as the scrubber solution. The solution was made by dissolving 
390 g sodium bicarbonate in 4.5 L distilled water. The purpose of this solution is to 
neutralize the gaseous waste of the immersion test apparatus before releasing it to 
the fume hood for safety and preventing environment issues. 
EDTA (Ethylenediamine tetraacetic acid) was used as a cleaning solution to dissolve 




chelating agent purchased from Fisher Scientific. To dissolve the solidified Copper 
chloride faster from the surface of the sample, the EDTA was dissolved in water at 
80°C and the solution stirred at 75 rpm. Each two gram of EDTA was dissolved in 
one Liter of water in 1.5 L beaker.  
NaCl (Sodium Chloride) 99% purity powder was used to make up the electrolyte for 
the EIS test to evaluate coating before and after immersion test. The concentration 
that was used was 3.55 w/V%. The 3.55 w/V% was made by dissolving 17.750 (± 
0.001) g of NaCl in 500 ml distilled water (in volumetric flask). The ACS reagent 
grade NaCl powder (≥ 99.0%) was purchased from Fisher Scientific. 
HCl (Concentrated Hydrochloric acid) was used as a cleaning agent to dissolve the 
solidified CuCl that remained in the crucible and immersion vessel. The 
concentrated HCl (Reagent, 32 wt %) was purchased from Fisher Scientific.  
KCl (Potassium chloride) was used as a filling solution in the reference electrode. 
The saturated KCl filling solution was purchased from Princeton Applied Research 
to refill the AgCl reference electrode. 
4.1.3. Coating Materials Used 
All coating materials were purchased and used by Centre for Advanced Coating 
Technologies (CACT) at University of Toronto (UofT). As a bond coat, Diamalloy 
4006 and SHS 9172 were used. YSZ powder was sprayed on the samples as a 
ceramic coating. 
Diamalloy 4006 is a nickel based amorphous alloy (Ni-20Cr-10W-9Mo-4Cu-1C-




Super Hard Steel (SHS) 9172 HVOF is an iron based steel alloy which properties 
special resistance to erosion, corrosion, abrasion, impact and high temperature 
oxidation. SHS 9172 HVOF coatings feature brilliant resistance to abrasion and a 
major ability to survive corrosion and high temperature oxidation. SHS 9172 is a 
glass-forming steel alloy that is generated with high concentrations of transition 
metals which voluntarily dissolve in the glass structure. Furthermore, the SHS 9172 
enormously fine microstructure improves ductility, fatigue resistance and toughness. 
SHS 9172 is used as top coating.  
Yttria Stabilized Zirconia (YSZ) which is used for an insulating top coat because of 
its high thermal expansion coefficient and low thermal conductivity, which strictly 
matches the majority of high nickel content alloys [17]. YSZ, known as Metco 143 
(ZrO2-18TiO2-10Y2O3) as well. 
4.1.4. Metal Samples 
The substrate metal for the coated specimen in this phase of the project was medium 
carbon steel (1045). This metal was chosen since it is not expensive and it is easy to 
machine. Furthermore, corrosion deposits are visually easy to distinguish on this 
material. 
4.1.5. Personal Protection Equipment (PPE) 
During the experiment especially during the immersion test which is the high-risk 
experiment, appropriate personal protective equipment must be worn while handling 
the equipment and chemicals. The personal protection equipment could be 




4.1.5.1. Room Temperature Protection Gear 
Room temperature protection equipment was worn during the EIS test and the 
immersion test. The room temperature protection set include; Latex gloves, 
laboratory coat, and chemical safety glasses. The operations that require room 
temperature protection set include; cleaning all of the crucibles and the ITV by using 
concentrated HCl solution, making the scrubber’s solution and handling the cooled 
equipment after running of the immersion test, and refilling the reference electrode 
solution (saturated KCl) and making the 3.55 w/V% NaCl during the EIS test. At 
this temperature, the most dangerous part is chemical solutions or vapor contact with 
skin; therefore covering body and using fume hood is the best solution to avoid any 
risk. Except for making the 3.5 w/V% NaCl solution, all the operation was done in 
the fume hood. 
4.1.5.2. High Temperature Protection Gear 
With regard to the toxic hazard of experiments, the majority of the operations for 
the immersion test were done inside the fume hood to avoid poisoning. High 
temperature protection must be worn during the operations that involve a high 
temperature exposure, such as, working with heater and hot equipment, filling 
crucibles with CuCl powder, handling materials and equipment during the 
immersion test, and during the post-immersion cleaning process. The high 
temperature protection set consists of safety goggles, fiberglass high temperature 
gloves (from Fisher Scientific), latex gloves, laboratory coat, face shield, and 
respirator. 
The operation stages in which high temperature PPE should be used; first, during 




powder that was stored in an oven at 80°C. Second, during the handling of any parts 
of the immersion test apparatus (e.g. the use of handling device) the operating 
temperature of the apparatus is around 500°C. Third one, the post-immersion 
cleaning step which includes dissolving the deposited CuCl on the equipment and 
samples using saturated EDTA solution at 80°C.  
4.2. Equipment and Apparatus 
The equipment and apparatus includes the EIS and the immersion test equipment. A 
potentiostat is used to control the potential during the EIS experiment.  
In this section, Siantar’s apparatuses are initially described, however some parts 
were modified based on recent requirements which are represented in Section 4.3.4. 
4.2.1. EIS Test Equipment 
4.2.1.1. EIS Potentiostat 
The potentiostat was used for EIS testing was the VersaSTAT 3 (Figure 4-1) that is 
purchased from Princeton Applied Research. The VersaSTAT 3 has a built in FRA 
(Frequency Response Analyzer) capable of measuring the impedance in the 
frequency range of 10 μHz to 1 MHz. The wide range of frequency signals which 
are also generated by the FRA via potentiostat, allowed different phenomena to be 
observed. The voltage compliance of the VersaSTAT 3 is ± 10 V, and the current 
range is 1A to 200 nA. The accuracy of applied potential is ± 0.2% reading, ± 2 mV. 
Potentiostat resolution is 16 bits so DAC (“Bias” Digital/Analog Converters) 
resolution is1 216⁄ = 1.526 × 10
−5. More detailed specification is given in Appendix 
2. Laptop or computer could connect to the potentiostat by USB interface to analyse 





Figure 4-1; The Setup of EIS Test Apparatus 
(The EIS equipment consists of potentiostat (the left side of Figure 4-1) connected to the 
electrochemical cell by the instrument cables and fixed by alligator clip. The gas tubing used for 
purging the Argon (as an inert gas) is connected to the inlet tube of the cell, and the solution bucket 
is to contain the electrolyte spill if we have any leakage.) 
4.2.1.2. EIS Software 
For the EIS experiment controller, VersaStudio 3 from Princeton Applied Research 
was using. The EIS data generated is analyzed using fitting software packages, 








4.2.1.3. EIS Test Cell 
4.2.1.3.1. EIS Test Cell Description 
An electrochemical cell (e-cell) was used for the EIS experiments. The e-cell was a 
Flat cell K0235 purchased from Princeton Applied Research. For e-cell three 
standard electrodes used that are a counter (Figure 4-2a), reference (Figure 4-2b), 
and working (Figure 4-2c) electrodes. The reference electrode is an Ag/AgCl (that 
is maintained in the saturated KCl solution) standard reference electrode (0.22 V vs 
SHE) used as a reference point for the potential measurement. All potentials quoted 
in this report are based on Ag/AgCl (in saturated KCl solution). The working 
electrode is connected to the sample. The counter electrode (platinum mesh) is 
needed to ensure that the current can flow through the system and complete the 
circuit. 
 
Figure 4-2; The Electrochemical Cell for EIS Tests. 
(The cell setup is included of (a) working electrode (sample material), (b) counter electrode, (c) 




The cell has an inlet tube (Figure 4-2d) to allow the cell interior to be purged with 
inert gas, Argon (ultra high purity~99.99%) during the EIS test. The electrolyte used 
for the EIS tests is 3.5 w/V% NaCl. The cell opening or exposure area of the working 
electrode is 1 cm2. The sample was bullet shape with 2 cm2 diameter so it is greater 
than the exposed area allowing the elbowed portion which was completely under the 
electrolyte exposer. The surface area of the counter electrode was 6 cm2. The 
distance of the working to counter electrode was mentioned 80 cm in manual. The 
cell could contain up to 250 mL of the electrolyte solution. The luggin well for the 
reference electrode could contain up to 5 mL electrolyte solution. 
4.2.1.3.2. EIS Test Apparatus Assembly 
The Flat cell K0235 was designed to work with any flat samples. However, as our 
samples geometry changed to the bullet shape after first series of experiments 
(which was flat samples), the E-cell clamp was modified to hold bullet shape 
samples. The working electrode or sample was regularly suspended while being 
exposed to electrolyte. The samples which were tested in this project, was improved 
since they did not have any sharp edges and holes for suspending. Holes are 
undesirable for maintaining the integrity of the coatings applied to the surface of the 
metal. Therefore, the Flat cell K0235 was chosen as it allowed the EIS test to be 
performed without having to be suspended. The cell had an opening (Figure 4-2) at 
one end for the sample and electrolyte connection. During the EIS test, only round 
portion of the sample was exposed to the electrolyte. The sample was hold by 
tightening the designed clamp holder. The reference electrode was placed in the 




4.2.2. Immersion Test Equipment 
The corrosion testing apparatus was designed to evaluate the material performance 
in an environment similar to the proposed Copper Chloride (Cu-Cl) cycle hydrogen 
production. A practical method to simulate an environment for candidate materials 
was immersing samples in molten CuCl at an elevated temperature (500°C) for a 
prolonged period of time (more than 100 hours) to evaluate the effects of exposure 
to molten CuCl. This section explains the design requirements and material 
selections for an immersion apparatus. It goes on to describe the design, assembly, 
and operation of the immersion apparatus. [1] 
4.2.2.1. Design of Immersion Test Apparatus 
The immersion test system consisted of the Immersion Test Vessel (ITV) (Figure 4-
3 B), the Condenser Vessel (Figure 4-3 H), the Scrubber Vessel (Figure 4-3 I), and 
heating and controlling systems. The heating and controlling systems included a 
heating mantle (Figure 4-3 A), a temperature controller (Figure 4-3 D), and a thermal 
cut-off system (Figure 4-3 C).  
Each of the three vessels had a different function. The ITV (B) was used for 
corrosion testing of the coated candidates by immersing the specimen in molten 
CuCl. It was heated directly by the heating mantle (A). The condenser (H) cooled 
the hot gas and then the scrubber (I) neutralized the gaseous waste before releasing 
it to the fume hood.  
4.2.2.1.1. The Immersion Test Vessel (ITV) 
The immersion test vessel design was based on ASTM G31 for immersion testing 




fused quartz. The ITV lid had three insertion stems which were used for different 
functions: first stem was used for a K-Type thermocouple (Figure 4-3 C) to monitor 
the working temperature inside the ITV which was connected to the cut-off system 
to keep the system safe; another stem was used for exhausting the hot gases through 
the connecting pipe to the condenser and the scrubber (Figure 4-3 G); and third stem 
was for deaerating the atmospheric air by injecting inert gas (N2) through it before 
and during operation. The pressure relief valve and handling device were also 
connected to the third stem (Figure 4-3 E). 
 
Figure 4-3; The Immersion Test Apparatus Setup Schematic. 
(The immersion test apparatus consists of (A) heating mantle , (B) ITV, (C) thermocouple for cut-




handling device, (G) joint tubing, (H) condenser, (I) scrubber, (J) tubing for the gas exhaust to the 
scrubber and (K) scrubber gas outlet tubing.) 
In the ITV, three safety components were made to solve three of main possible 
hazards during the operation. A thermocouple installed in one of the stems which 
was connected to the cut-off system to ensure that the test was running at the proper 
temperature and to shut it off in case the temperature exceeded 550°C. Second stem 
was for the pressure relief valve which was installed to keep the immersion tests 
under a safe pressure. A handling device was designed to immerse the sample in 
molten CuCl and to help in removing the sample during the post-immersion cleaning 
process by lifting the sample from copper chloride solution crucible. Maintaining 
and cleaning the sample surface condition from CuCl deposits was necessary to 
improve the analysis. If the sample was not lifted out from the molten CuCl, before 
cooling process, it will be stuck in the solidified CuCl after it was cooled. Chemical 
methods (Strong acids such as concentrated HCl) as well as mechanical methods 
were not acceptable since they might cause the damage to the sample surface. Once 
drip drying was completed, the best method to dissolve the remained solidified CuCl 
was immersing the sample in a saturated chelating agent (like EDTA solution at 
around 80°C). 
For safety, a pressure relief device was installed on the ITV to let hot gas exhaust 
from the main vessel through the connecting pipes to the condenser and then to the 
scrubber, to avoid the pressure build-up in the system. The pressure relief valve 
should be installed to allow the excess pressure to escape and preventing having 




4.2.2.1.2. The Condenser 
The condenser function was used to cool the exhaust gas of the ITV before 
exhausting it to the scrubber and then releasing to the environment by fume hood. 
The condenser consisted of two parts, the lid and the body, which were made of 
fused quartz. The condenser lid had three insertion stems for: the joint tube which 
was connecting pipe of exhaust gas from ITV (Figure 4-3 G); the tubing that was 
connected to the pressure relief system of ITV (Figure 4-3 E) and the connecting 
pipe of the hot gaseous exhausting to the scrubber (Figure 4-3 J). [1] 
4.2.2.1.3. The Scrubber 
The scrubber function was neutralizing the exhaust gas before releasing it to the 
fume hood. The scrubber consisted of two main parts, the lid and the body. The 
scrubber lid was made of SS 316 and the body was made of quarts glass. The 
solution inside the scrubber was mixed of water (4.5L) and saturated sodium 
bicarbonate (NaHCO3) (390g). Scrubber should be filled with some plastic beads 
into the solution in order to reduce the size of bubbles formed by exhausting cooled 
gas of the condenser. [1] 
4.2.2.1.4. The Heating System 
Based on high temperature that was needed to produce molten CuCl in this project, 
the heating system was installed. This system was consisted of: a heating mantle for 
heating the ITV; a heater controller in order to control the heating mantle (and a J-
type thermocouple to control the heating mantel temperature by a controller); and a 
thermal cut-off system to prevent excessive heating for safe operation. The thermal 




560°C) which might crack the ITV body or the crucibles containing the molten 
CuCl. This thermal cut-off system was included of a K-type thermocouple (Omega) 
to monitor and check the inside temperature of ITV. [1] 
A heating mantle purchased from Glas-Col could heat up to 650°C, which was more 
than required temperature of 500°C. The heater had soft fabric fibreglass in the 
heating interior to minimize any thermal shock and damage to the heated vessel. The 
heater had a controller with a “J type” thermocouple (1/8’’ Dia, X 12”long sheath, 
72” leads/ subminiature plug) that was located inside the heating mantle to control 
the working temperature of the heater. The controller which was used for the heating 
management, had only one feedback (the temperature of the heating mantle) from 
the thermocouple placed inside the heating mantle. When the temperature inside the 
mantle reached to the set temperature (e.g., 500°C), the controller stopped 
continuous heating and maintains the temperature steady. If The ITV outside 
temperature also reached to the set temperature of thermal cut-off system (e.g., 
550°C) the system also would be shut off to prevent any danger. 
4.2.2.2. Assembling the Immersion Test Apparatus  
In order to assemble the immersion system there were four subassemblies (ITV, 
condenser, scrubber and heating system) that properly connected together. All of 
these immersion test assemblies should be inside the fume hood. The ITV is 
connected to condenser with fused quartz connecting pipe and a polyethylene hose. 
The condenser and scrubber were connected through the polyethylene hose. Details 
of each part (ITV, condenser, scrubber, and heating system) sub-assemblies are 




4.2.2.2.1. The ITV Subassembly 
The ITV assembly involved putting together parts that included the handling device, 
ITV vessel, the pressure relief device, the inlet gas hose and connections, and the 
thermocouples which were attached by joints and clamps. 
 
Figure 4-4; The Handling Device (a) Plate and Pillars; (b) Handling Rod, Handling Plate, Clamp ,and Sample 
The handling device consisted of five separate parts; the lifting rod, the plate which 
was used for hanging the sample, three threaded rod for pillars, and the nuts for the 
stopper. (Figure 4-4) 
When the handling device was assembled properly, the plate with the samples which 
were attached to it, should be carefully placed on the pillars.  
The ITV subassembly had three main parts; the ITV body, the gasket, and the lid 
that was clamped by C-clamps to the body. The ITV lid had three quartz stems that 
ended with a socket for coupling with the other joints (two quartz-metal joints 
(thermocouple and pressure relief device) and one quartz-quartz). The metal ball 




ring was placed around the top of the ball joint to create a gas-tight seal when the 
joint was clamped. Teflon tape was also wrapped around the ball joint to ensure 
about sealing mechanism.  
ITV was connected to a thermocouple which had a compression fitting installed to 
create a complete gas tight seal. The compression fitting was coupled with the metal 
tube of the ball joint that was clamped with the quartz socket through the first 
insertion. The second stem used for the connection tube that was connected to the 
condenser for exhausting the gas. The handling device rod, gas inlet, and the 
pressure relief device all were arranged together to be coupled and placed through 
the third stem. To accommodate the three components in the first insertion (Figure 
4-3) there were two T-connectors that were connected to each other; these were 
installed where one input was connected to the nitrogen (inert) gas cylinder, another 
was connected to a pressure relief device, and the last one was for the handling 
device rod. 
 




The handling rod was used to lift the sample during or after the immersion tests. 
This rod was attached to the plate of the handling device. There was a cap coupled 
with the T-connection that had to be opened when the operator needed to lift the 
samples by using the rod. Figure 4-5 shows the arrangement of the joint of three 
devices which includes two T-connectors and a hose which was attached to the 
pressure relief device and then connected to the condenser to discharge the gas from 
the condenser into the scrubber. 
4.2.2.2.2. The Condenser Subassembly 
The condenser had three parts in assembly. The body (Figure 4-3 H), the gasket, and 
the lid that were clamped together by using C-clamps. The procedure for the 
condenser assembly was same as the ITV (using ball and socket joints). The 
condenser lid had three stems which were used for connecting the pipes which were 
coupled to the hoses from the pressure relief device (Figure 4-3 E), the exhaust gas 
from the ITV (Figure 4-3 G), and the hose for exhausting the cooled exhaust gas to 
the scrubber (Figure 4-3 J). 
4.2.2.2.3. The Scrubber Subassembly 
The scrubber (Figure 4-3 I) had two separate parts, the lid and body with a gasket in 
between. The scrubber lid was made of stainless steel which had a long metal tube 
that was welded in order to allow the exhaust gas to enter the scrubber body below 
the solution level and be bubbled through the scrubber solution. On the end of this 
inlet tube, a metallic mesh was also installed to help create smaller bubbles of 
exhaust gas. Some plastic beads were also placed in the solution above the end of 
the tubing to further refine the bubble size. The scrubber body, gasket, and lid all 




4.2.2.2.4. Heating System Subassembly 
The heating system included five main parts which were; the heating mantle (Figure 
4-3 A), the heater controller, the thermal cut-off system, and two thermocouples 
(one was directly attached to the heater controller and the other one was connected 
to the thermal cut-off system). The ITV was placed inside the heating mantle which 
was connected to the heater controller by a thermocouple (this thermocouple was 
placed inside the heating mantle in order to provide the feedback signal to the 
controller). The thermal cut-off system was operated by the second thermocouple to 
limit the maximum operating temperature of the ITV.  
4.2.2.2.5. Final Assembly 
The assembled immersion test apparatus is shown in the Figure 4-6. The scrubber 
subassembly was placed in the fume hood first, followed by the scrubber, the 






Figure 4-6; The Complete Assembly of the Immersion Test Apparatus 
Placing the CuCl powder in the ITV must be the last step before starting the 
experiment to reduce the chance of contaminating CuCl powder during the assembly 
process. Each of the samples was immersed in each individual crucible that 
contained molten CuCl (this is to eliminate the chance of having cross contamination 
from another sample during immersion test period.) 
4.2.3. Requirements for Designing New Equipment  
A good and safe apparatus is required which remains unaffected at elevated 
temperature such as 500°C, for long and uninterrupted times that should be 
performed even without any supervision. The exposure conditions also must be 
assumed as another limiting factor of the design process so the immersion test should 
not be stopped or failed due to equipment breakdown. The apparatus must be 




nearby people. ASTM G31-72 standard [37] is used for a typical laboratory setup 
for immersion testing (including exposure conditions) as a main guideline for this 
designed apparatus. 
During any kind of experiment (such as the immersion test), the operating 
requirements and restrictions are associated. The operating requirements are all the 
conditions that are needed to be met to ensure an immersion test could achieve the 
whole project objectives and restrictions are intended to make sure the experiment 
can be conducted safely. Both operating requirements and restrictions could have 
some intersections during design process. Therefore, an apparatus had to be 
designed in a way that both factors could be met.  
For a safe and reliable operation, the immersion test apparatus requirements are 
listed below; 
1. The test vessel had to contain the molten CuCl test solution. The materials of 
vessel or any other container that were in contact with the molten CuCl 
should be chemically inert, and they should not react with the molten CuCl 
and CuCl salt, and should have an operating temperature higher than 550°C. 
 
2. The immersion test vessel needed to be sealed completely in order to prevent 
any leakage and other gaseous impurities from entering the vessel. Main parts 
that required more attentions during the designing were the joints between 
the tubing and pipe connection, and the joint between lid and body of the 
vessel. Eliminating unwanted gas presence was one of the most important 
factors. Unwanted gas could interfere with the reaction during the sample 
exposure, which could affect the corrosion reaction. For instance, if oxygen 




material being tested. The reaction between oxygen and a metallic surface at 
high temperature could create an oxide layer as well as from water vapour. 
The surface condition of these samples would be different compared to the 
condition of the sample that do not have oxygen in the system during the test.  
 
3. The lid of the immersion vessel must have several insertions for outlet and 
inlet pipes, a thermocouple, and connecting pipes. The pipes includes; an 
inert gas inlet and outlet. In order to have a uniform condition to compare 
samples with fewer errors for all of the experiments, it was important to 
maintain the same flow and atmospheric condition. In all tests, another factor 
that should be kept consistent was temperature (550℃). A thermocouple was 
added to measure and monitor the temperature inside the immersion vessel. 
 
4. After the immersion test, the sample condition should be preserved so that 
further corrosion should not occur during storage and before ex-situ surface 
analysis. When the exposure period is reached, the apparatus is cooled down 
before removing the tested material out. When the vessel is cooled down, the 
molten CuCl will be solidified and remained on the surface of tested material. 
The solid CuCl could not be removed mechanically since it could damage the 
tested material surface. Opening the immersion vessel to remove the sample 
from the molten CuCl during the experiment running could cause several 
serious safety problems. It would be dangerous for the operator to handle or 
breathe waste vapours or CuCl vapour during the immersion test (especially 
at 500°C). Contacting with room temperature by opening the lid during 
experiment could have accelerated the cooling process. A sudden 
temperature drop could cause a thermal shock and change the material 




these problems, the apparatus should have a mechanism that allows the 
operator to elevate the sample while the CuCl is still molten and let the liquid 
to drip-off into the crucible and not stick to the surface of the material. The 
mechanism should help the operator to remove the sample outside the 
immersion vessel without opening the ITV lid or any interfere with the 
progressing experiment. 
 
5. Samples should be immersed in the molten CuCl, only at round end. In order 
to have a better coating evaluation by EIS test which is explained on section 
4.5.4., the other side (flat end) of sample was in contact with the clamps to 
hold the sample in ITV. 
 
6. The heating system should have the ability to heat the outer side of the vessel 
to more than 500°C, so it could compensate for the thermal gradients and heat 
lost during the heating process and maintain the inner temperature at 500°C. 
The immersion vessel should have an insulation system in order to minimize 
heat loss. A heating controller was also used to control and monitor the inside 
temperature of immersion vessel. 
Generally all the design requirements were intended to ensure that the test could 
achieve the project objectives and could be performed according to the desired 
conditions with as few as possible mistakes or technical and logical problems, in a 
safe manner without creating any hazards. Design restrictions are included: 
1. The experiment vessels required a material that can withstand 550℃ and 
thermal shocks during the heating or cooling process. Any cracks in the 




cause the molten chemical or the waste gases escaped to the fume hood and 
laboratory. 
 
2. With regard to operate the system without supervision for long time at an 
elevated temperature (around 500℃); the heating system should have an 
electrical safety device that would ensure the heater runs in a safe manner. 
The heating system was used to heat the immersion vessel continuously for 
a prolong period of time (e.g. 100 h). Hence, if any heating malfunction 
occurred, the apparatus should not being overheated and cracked the vessel, 
which can cause a disaster for personnel of lab and the environment. 
 
3. The inert gas used in the system could cause over-pressure. The system has 
a pressure relief device. The pressure could develop in an unexpected 
situation, such as clog in one of the pipes or joints, and pressurize the 
immersion system. It is important to have the pressure relief, in order to bleed 
the purged gas through a relief valve before a high pressure build-up. 
 
4. The condenser was used in the system to cool the exhaust gases. This 
prevented hot gases waste to be directly purged into the water-based 
scrubber. The condenser prevented that the hot gas to be fed into water and 
raise its temperature and produce steam in to the system. 
 
5. The immersion test should be run inside a fume hood to release the waste 
gases of the system into the hood. However, a scrubber was also designed to 
neutralize most of the system hazardous gases waste and all chemicals 




It should be emphasised that safety is the first priority. Neglecting safety will harm 
the operator, laboratory personnel and environment. 
4.2.3.1. New Sample Design 
Based on Siantar’s results [1], sharp edges were probably the most susceptible to 
corrosion because they are difficult to coat uniformly by thermal spray application 
methods (APS and HVOF). Thus, these edges are more prone to crack, and 
corrosion. Bulky round surface samples can generally be more uniformly coated and 
hence should be less prone to damage.  
 
Figure 4-7; New designed Samples with Round Edges 
Therefore, new samples were designed to avoid the possible problem pointed out by 
Siantar’s experiment. Round edges of the samples were supposed to be more 
resistant to corrosion while the samples were immersed inside the molten CuCl. 
Newly designed clamps for the new sample had to be designed in order to hold the 
sample. These samples also needed new clamps for the EIS test, the immersion test, 
and coating application. As this area had to be tightened by the clamp, it would have 




requirements was that the samples’ surfaces should be coated uniformly and those 
should also have enough area to uniformly distribute the clamp pressure. 
In order to satisfy these requirements, some different choices were available. Full 
spherical samples, which mean the samples would be completely rounded, were the 
first option. However, this choice was not satisfactory due to the difficulty of holding 
the samples’ clamps during coating applications, EIS, and immersion tests. 
Hemispherical samples were the second choice. They would be designed with a 
complete flat surface on one side and also a round end. Due to limitations in holding 
the samples during the coating application and in the immersion test, this option was 
not acceptable. Another option was bullet shape samples with a complete flat surface 
on one side and a round tip on the other end of a cylindrical part. This option was 
more acceptable since it covers all requirements. As a bulky round surface was 
designed, this sample could be more uniformly coated and withstand the immersion 
test. The flat side was supposed to be more resistant under clamp pressure and stress. 
Another advantage of the new designed sample was the cylindrical part. This part 
(because of its height) was designed to hold the sample by a clamp and immersing 
the sample inside a crucible.  
Based on the requirements and the considered options, the best design to work on 
was the bullet shape sample. This sample could be held by a clamp during coating 
applications, EIS tests, and immersion tests by new designed mechanism and 
equipment. A treated hole was drilled on the flat side of the sample. This hole was 
designed to hold the sample by a stainless steel wire and a clamp during the 




4.2.3.2 Vessel Design Improvement 
4.2.3.2.1 The Lid Design 
Two new lids were designed in order to manage the experiment risks and any 
consequences. One lid was made from fused quartz similar to the lid of the previous 
project that Siantar’s used. Another lid was made of stainless steel to have a metallic 
lid in case high pressure test performed. Two lids were also ordered from each type 
to have an alternative in case of any accident. The main difference between the new 
designed lid and previous one was that the new one had three stems and one of the 
stems was shorter than the other two. It could cause the exact adjustment happen 
between the lid stem and handling rod equipment. The old designed lid was without 
third stem (it was a hole instead of the steam) and it caused leakage during the 
immersion test. 
 
Figure 4-8; New Designed Lid 
4.2.3.2.2 The Lifting Mechanism  
The lifting mechanism was changed through when the mechanism changed. New 




were stainless steel clips and they were easy to hang on the crucibles. New 
mechanism was made of stainless steel. (Figure 4-4) 
The main differences of the newly designed mechanism was that the handling rod 
was fixed and welded on the stainless steel plate, and three hole were made on the 
plate to let the wire hold the plate. This mechanism helped the operator to manage 
and access the samples easier. 
4.2.3.3 New Clamps 
After choosing new geometry for the samples, normally new clamps should be 
chosen and designed for holding them in further tests. 
4.2.3.3.1 New Clamp for Immersion Test 
In order to hang on the samples in the immersion test vessel, typical stainless steel 
clips were used as the clamp. The stainless steel clamps has the resistance at high 
temperature on top of the molten CuCl container. The sample and clamp were 
connected as on Figure 4-4 represented.  
 




4.2.3.3.2 New Clamp for EIS Test 
In order to run the EIS test, new clamps were designed to hold the bullet shape 
sample. This clamp was designed by changing the height of the previous clamp.  
 
Figure 4-10; New EIS Clamp 
4.2.3.4 New Heating System Design 
A new heating mechanism was designed for running the immersion tests. This 
mechanism included a new cutting-off system and a new designed heater. Most steps 
of this experiment which happen during the immersion test, were inside the heating 
mantle. The heating system should be safe and also run in a desired condition. In 
order to run the experiment in a safe condition, a controller was designed. If it is 
necessary to guarantee that the controller works in a reliable condition, a thermal 
cutting-off mechanism should be designed. This was explained in detail in section 
4.2.2.2.4. 
A new heater was designed which was consisted of a simple pot, two heating tapes 
and thermal insulation. In order to design a heater, it is important to cover all the 
requirements. The main requirements for the new designed heater were that heat 




have easy access to the vessel, and easy lifting and handling of the vessel because 
typical heating mantels cannot burden the ITV weight, which causes some damage 
to the tapes and elements. The heating mantle should resist temperature fluctuation. 
It should be capable of sustaining in wide range of temperature from room 
temperature up to 600℃. Appropriately isolating the mechanism and also keeping 
the heating tapes and heating elements undamaged could help improve the heating 
mantle. Two heating tapes could maintain the desired temperature. These two could 
cover the input current which is required for controllers.  
4.2.3.5 Sealing Mechanism  
4.2.3.5.1 New Sealing Mechanism 
To design a proper sealing mechanism, all the vessels, pipes and connections should 
be separately evaluated. The sealing of each of the vessels and pipes should be 
connected to a flow meter to measure inlet pressure and compare it with an outlet 
flow meter in order to ensure that the condition of the body, lid and pipes is good. 
Outlet pressure drop should be negligible. Tubes, hoses, connection pipes and 
vessels are tested and could be guaranteed by this mechanism.  
The most difficult part of the evaluating sealing was when the ITV and connection 
pipes were assembled together. The handling system and inert gas connections 
should be connected to a stem of the ITV, and the thermocouple should be sealed 
and connected to the other stem. The last ITV stem was connected to an outlet 
connection pipe (which was connected to the condenser). The lid connection to the 
ITV body which was sealed by a Hypalon gasket and two layers of high temperature 
sealant, is a different feature of this new method. A number of configurations were 
examined before identifying this setup. Inlet pressure should not increase, since 




problems. Once the inert gas has entered the handling pipe and ITV cell, leakage 
should be checked by using soapy water. The outlet stem should also be checked by 
the flow meter to ensure that the pressure drops in the comparison of inlet stream. 
When sealed perfectly, condenser and scrubber should also be checked by the flow 
meter. It is proved experimentally, once the bubbles inside the scrubber are 
observable, there is no leakage through the system. This phenomenon is due to the 
bubble production occurred from pressure build-up inside the vessel. This happens 
only if there is no leakage from the vessel. 
For this method, one layer sealant should be applied to the lid edges then the gasket 
would be placed on top. Another layer of sealant should be applied but all of the 
sealing steps should be re-applied for each following test. It should be noted, that 
sealing starts to work at around 200℃ after 30 minutes. 
4.2.3.5.2 Testing the Apparatus Sealing Mechanism 
Once initial results were obtained, there were some points that indicated corrosion 
was more severe than what it had to be. Modifying the apparatus and operating 
mechanism was the first step to improve the mechanism. Although, equipment and 
devices assembly in following to the sealing mechanism were the main possibilities 
that caused more severe corrosion on the new samples.  
The results of this part were categorised in two section; first was analysis of set-up 
and operations before the immersion test in order to ensure about mechanism, 
assembly and operation development if it was performed correctly, second was 





4.2.3.5.2.1 Evaluation of the Sealing Mechanism without Materials 
A new method was used to evaluate the sealing mechanism. Initially, the apparatus 
was analysed part by part. The entire system was then analysed by an oxidization 
test.  
Functional Tests 
In order to have a safe and reliable mechanism and process, some functional tests 
should be run prior to the main experiments. The main purpose of these tests is to 
check the sealing system and objectives which are explained in the section 4.3.4.  
Pressure Tests 
As it has been already noted, the pressure relief valve should be installed for the 
inert gas inlet pipe to prevent pressure build-up through the system and vessels. In 
order to test the pressure relief valve separately, it is possible to connect the pipe 
directly to the inert gas hose and the pressure flow meter to check if the pressure 
relief valve performs when it exceeds set pressure (10 psi) is passed how works. It 
shows if clog or blockage happen through the valve.  
Temperature Tests 
Based on the temperature test of system, two thermocouples are set through the test; 
one is inside the heating mantel and out of ITV. This thermocouple sets on 550℃. 




Overall System Tests 
Once all the system equipment works separately at room temperature, sealing of the 
system should be checked at high temperature while nitrogen enters the system at a 
specific flow rate. Two methods were designed to test the system: A “blank test”, 
which was a dry test without testing any samples and an “oxidation test”, which was 
performed to evaluate the sealing mechanism by calculating the weight loss of the 
uncoated samples (mild steel specimen).  
Blank Tests 
The “Blank test” was designed to evaluate effectiveness of the sealing mechanism 
during the operation in prevailing leakage of oxygen through the gasket, sealant, and 
Teflon tapes, which were resistant to high temperature. This test was performed in 
the absence of any experimental metal in the ITV. 
This test should be repeated at different temperatures and for different durations of 
time. High temperature sealants and gaskets were the main parts that must be 
evaluated for performance.  As it was not possible to connect the flow meter at high 
temperature to the vessel outlet, sealing performance should be evaluated if any 
bubbles released in the scrubber as well as soapy water bubbles could be created 






Figure 4-11; Schematic of the Blank Test 
(“a” is the empty ITV, “b” is a sealed stem, “c” is nitrogen inlet stem with flow meter, and “d” is 
nitrogen outlet flow meter.) 
4.2.3.5.2.2 Evaluation of the Sealing Mechanism by monitoring the oxidation 
of materials (Oxidization tests) 
The “oxidization” of a specimen was monitored to qualitatively determine the 
leakage of oxygen in the ITV. This indicated the performance of the sealing 
mechanism at high temperature. The “blank test” of the sealed vessel demonstrated 
that the nitrogen did not leak out from the vessel. There was still no guarantee that 
oxygen or water did not enter to the system from the atmosphere. An oxidization 






In order to perform the “oxidization test”, initial weight of the sample should be 
measured and compared with final weight. Samples should be prepared in advance 
for the tests. All samples should be rinsed by distilled water and then polished with 
a sandpaper. The polishing should be done from the smaller grit numbers to the 
bigger and finally should be polished by the highest grit sandpaper (i.e. 600 grit) to 
clean the samples’ surface from steel oxidization. The polishing should occur in two 
perpendicular ways. Before running the experiments, initial weight should be 
measured three times by a close analytical balance. For each attempt the balance 
should be recalibrated. Tests should be run at different periods of time to ensure the 
sealing mechanism of the system. After running the tests, the final weight should be 
measured (three times with the initial measurement). After this procedure, samples 
should be kept in an isolated environment for more tests, in case of future use. All 
weights were measured by balance and error was ±0.0005. (Figure 5-2) 
4.3. Immersion Test Apparatus Fault Analysis  
It was important to conduct a comprehensive fault analysis for all of the tests to 
ensure that the experiment could be performed in a safe manner without any undue 
risk to the laboratory and personnel working in it. The fault analysis was intended 
to predict all of the problems that might occur during an immersion experiment. 
There were several concerns that could cause accidents during an immersion test.  
4.3.1. Set up Hazard  
During the experiment set up, some risks could occur such as breakage of pipes and 
vessels. To prevent any danger during the set up, wearing Personal Protective 
Equipment (PPE or safety cloths, gloves and glasses) was suggested. The most 




ITV lid could be broken by the handling rod as these parts rub against each other. 
As the condenser lid could not be tightened to the condenser body (lack of space to 
tighten clamps), there were some possible risks when we had overpressure in the 
vessels. The joint pipe was fragile and could break due to overpressure in the system. 
However, this was controlled by the pressure relief valve.  
4.3.2. Pressure Hazard  
During a test, if there was an impediment between the joints, the flow of nitrogen 
gas might create pressure build-up inside the vessel. The tygon tubing connecting 
the tank with the immersion equipment might burst or become disconnected from 
the system.  
The system required a pressure relief device. An inert gas like nitrogen flowed into 
the immersion vessel and pressure could develop in an unexpected situation, such 
as clog in one of the pipes or joints, and pressurize the immersion vessel. It was 
important to choose the right rating for pressure relief so that the release valve could 
bleed the purged gas before a high pressure build-up could compromise system 
safety. The threshold pressure of tygon tubing was rated around 16 psig, so when 
the pressure build-up exceeded the threshold amount, the condenser lid could be 
blown off first. In this case the tubing will burst since all the clamps holding the 
joints, other lids and the vessel have higher pressure ratings. A pressure relief device 
with a rating of 10 psig is installed in the system to relieve the overpressure and 
prevent an accident such as this.  
However, there were some other possibilities of a pressure build-up within the 




problem if one of the clamps holding the joint cannot withstand the pressure build-
up. The clamp might be blown away and hit the operator working near the apparatus. 
Clamps could not be fixed very well to the condenser body which does not have any 
designed lip as a space to tighten the condenser lid to the body, so this could be the 
only potential risk of the Immersion test experiment. However, it was better to seal 
it with low temperature glue.  
4.3.3. Temperature Hazard  
Once the system thermocouple was not working or it was unplugged, there was no 
temperature feedback from the heater to the controller. The controller would detect 
that the thermocouple was at a room temperature and would keep heating the vessel. 
The hazards caused by this failure and solutions to the problem include:  
 The temperature inside the vessel would increase beyond a safe value 
and then chlorine gas could be generated which could cause pose toxicity 
hazard; A temperature controller with an automatic relay system has been 
designed. Once the temperature inside the ITV was higher than 650°C (The 
maximum temperature of the heater), the power source to the heating mantle 
was cut-off and the heater would shut off. When the thermocouple was not 
sending feedback, the controller had a warning light indicating that there was 
no signal being received. If this warning light occurs when the operator was 
present then the operator could check the thermocouple to make sure it works 
properly. If the operator was absent, a thermo cut-off was automatically used. 
 The vessel could be cracked due to excessive heating; this problem 
should not be an issue because the vessel was made of quartz which was rated 




heater was 650°C. The material of the vessel would be able to withstand during 
this condition. 
 If the heater was overheating (it means controller did not work 
correctly), the bottom part of the vessel would be cracked and the crucible 
containing the CuCl would be cracked, then toxicity and temperature hazards 
would be created;  
The probability of these three failures occurring simultaneously was small. 
However, if it occurred, the CuCl would be contained within the heating 
mantle. The over-temperature hazard would not be a danger to the operator 
because the heating mantle body could withstand temperatures >1000°C. The 
heating mantle interior was made of fiberglass cloth which had operating 
temperature >1000°C. [46] 
It was concluded that the temperature hazard was minimized because the system had 
a temperature controller with relay system that would cut-off the electrical power to 
the system, thereby preventing heater run-away or overheating to higher than the 
safe operating temperature.  
4.3.4. Toxicity Hazard-Chlorine Gas  
If there was a leak in the system, it was important that the any chlorine gas present 
in the system was within the safe limit established by the safety regulation for the 
building. 
“If the decomposition reaction is conducted in open atmosphere, a significant 
amount of chlorine would be released when above 380℃.”[61] However, any 




at elevated temperature. The chlorine gas that could be generated as a result of 
elevating the temperature can be estimated by the calculations presented in 
Appendix 1 [59] the Gibbs free energy change (ΔG) and investigating the 
equilibrium concentration of Cl2 for the reaction  
𝟐𝑪𝒖𝑪𝒍𝟐
𝑯𝑪𝒍
→ 𝟐𝑪𝒖𝑪𝒍 + 𝑪𝒍𝟐 
𝟐𝑪𝒖𝑪𝒍 → 𝟐𝑪𝒖 + 𝑪𝒍𝟐 
ΔG° at 700°C is greater than 0 for CuCl reaction which means the reaction is not 
spontaneous and will not proceed unless external energy is applied. The worst 
condition assumed is for a run-away heater at around 700°C, which is 50°C higher 
than the maximum heater temperature, 650°C.  From the estimation, the equilibrium 
concentration of Cl2 for this reaction would be 7.77 × 10−27. This concentration is 
so much lower than the limit of exposure given in the Chlorine MSDS sheet (10 
ppm) [60] before eye-damage or irreversible health effect occurs.  
The worst possible scenario that might occur is if there is a blockage in the 
immersion test apparatus, creating pressure build-up, and eventually a leak develops 
in the system. As a result, the exhaust gas escapes. At the same time, if the fume 
hood is not working, the exhaust gas covers up to the laboratory and the lab 
personnel were exposed. From the experiment estimation of the generated amount 
chlorine, it would be safe for the operator and other personnel working in the 
laboratory even if the scenario given above occurs. The possibility of a toxic hazard 




4.3.5. Explosion Hazard  
As there were no explosive materials being used in this experiment, the risk of an 
explosion during the test was minimal.  
The fume hood containing the system had a window which was kept closed during 
the experiment. However, an operator might work in the fume hood and may be 
exposed to the threat of a projectile (vessels and equipment could treat as a 
projectile). This problem was solved by placing a plexi-glass shield to protect the 
body of the operator while working near the system and by requiring the use of a 
face shield to protect the face of the operator. 
Even though molten CuCl was expelled during the experiment, as the test was under 
the fume hood and also operator was worn with high-temperature PPE, molten CuCl 
risk could be negligible.  
4.3.6. Heating System Hazard 
The heating system has an electrical safety device that will ensure the heater runs in 
a safe method with least supervision. The heating system used to heat the immersion 
vessel will run continuously to maintain the desired operating temperature for the 
length of the experiment. Since the immersion test run continuously for long time 
(i.e. 100 h), there were times that the apparatus was unattended. If a heating fault 
occurred, the apparatus could have been overheated and so that could crack the 
vessel. Regarding maximum temperature of the heater (650°C), as it was mentioned, 
if the cut-off system does not properly work, still we could be sure about safety of 




the molten CuCl could allow molten CuCl and its other products escape in 
environment and create serious hazards. 
4.3.7. Handling Device Hazard 
One of the main risks that could occur during the immersion test was related to 
handling rod which was contacted at elevated temperature (around 500℃). Wearing 
high-temperature gloves was necessary to prevent skin burning. As there was a little 
space to hold the rod and as the lid holes did not have enough space to turn or lift 
the rod freely (it could break the lid as well) this troubleshooting seems important. 
4.4. Experiment Methodology 
This plan was provided for evaluating coatings performance at 500℃. Evaluation of 
sample is possible by visual examinations, weight change study, EIS tests, and 
SEM/EDX tests. Immersion tests are carried out using the methods reported in 
ASTM procedure ASTM-G-31-72, Standard Practice for Laboratory Immersion 
Corrosion Testing for Metals (ASTM 1998). Meanwhile, sealing mechanism should 
be evaluated by examining oxidation of a bare metal. It could help to evaluate 
whether the oxygen leaks to the system or residual oxygen causes diffusion on the 
samples in the vessel. 
Each sample should be visually examined before and after the immersion test for 
CuCl attack (localized-uniformly) and a visual corrosion assessment should be 
reported. The samples are then photographed in the clean condition by a high-
resolution camera and then by digital optical microscope. The visual comparison 
before and after the test could demonstrate some types of corrosion. Color change 




also by shape change if it is corroded severely or remaining deposits on the sample 
surface could demonstrate the quantity-form of corrosion. Some pits were identified 
by the visual examination or sometimes the pits were deep enough to characterize 
their depth by optical means.   
Weight change measurements were carried out on mild steel blanks (bare specimens 
which was polished by sandpaper 600grit size) to determine weight change between 
samples before and after the immersion test from exposure to the solution and 
evaluating oxygen leakage to the system. (30𝑚𝑚 × 20𝑚𝑚 × 1𝑚𝑚). The 
specimens were then cleaned and evaluated in accordance with ASTM-G-1-90 and 
ASTM-G-31-72, and the average uniform penetration rate could be calculated by 
weight change. This bare metal used as a sacrifice metal. Weight change could 
indicate the sealing mechanism and whether the oxygen enters the vessel or 
diffusion happens through the ITV. 
SEM/EDS can be used to evaluate the characteristics of a surface material. SEM has 
some applications to provide a topographic image of the specimen surface. Using 
SEM and EDS, the surface condition before and after immersion testing can be 
evaluated. 
Following steps should be performed in sequence on all samples. Initially, raw 
sample should be prepared for coating and future tests (Sec 4.4.1.). Some samples 
would be coated and some other should be kept uncoated (bare samples).  
On coated samples, after cleaning the surface (which is represented in section 
4.4.3.1) pre-SEM/EDX tests (sec 4.4.6) should be run. Then visual examination (sec 
4.4.4) should be applied on them as well. At this moment, the immersion test (sec 




at atmospheric condition. Once the immersion test was done, post-visual 
examinations (sec 4.4.4 and 4.4.5) and post SEM/EDX analysis (sec 4.4.6) had to 
be applied on coated samples, respectively.  
At the same time with main experiment, a side experiment should be run to evaluate 
oxygen leakage. It should be evaluated based on weight change analysis (sec 4.4.5). 
4.4.1. Initial Raw Sample Preparation  
The initial preparation should be done before applying any coating onto the 
specimen. The initial preparation were two steps; sectioning and preparing (polish 
or sand blast). Raw material of the specimen are in the form of a metal rod that was 
cut into a bullet shape sample. The cut samples then were prepared before spraying 
the coating on the surface. The sectioning was done at UOIT and polishing was done 
at the University of Toronto.  
4.4.2. Sample Preparation  
Samples were rinsed with distilled water three times to ensure that the surface of the 
sample was cleaned and wet. The EIS cell with the 3.55 w/V% NaCl electrolyte was 
purged with argon for 5 minutes to remove oxygen before filling the cell with 
solution. The reference electrode which was maintained in saturated KCl should be 
placed in the luggin well. The sample was clamped by tightening the clamp holder. 
The O-ring was placed over the round tip of the sample and the sample aligned with 
the opening on the cell. 
The counter electrode was attached to the other end of the cell. Once all the 
electrodes were attached to the cell was connected to the potentiostat by clipping the 




4.4.3. Immersion Test 
4.4.3.1. Preparation  
4.4.3.1.1. Washing the Vessel before Immersion Test  
The ITV, vessels, and crucibles were cleaned before each immersion test to ensure 
that the cleaned vessel condition was maintained for every immersion test 
experiment. The CuCl deposit remaining on the ITV, vessels, and crucible were 
dissolved by using concentrated HCl. After this step the ITV, vessels and crucible 
were rinsed at least two times with distilled and tap water.  
4.4.3.1.2. Preparation before Immersion Test  
The CuCl powder was placed in all the crucibles. The position of each crucible was 
marked and aligned for each specific sample. Therefore, when each sample was 
immersed it would not tip the crucible. The height of the CuCl powder should be 
approximately measured in order to have the value when it was melted. This is 
valuable because the molten CuCl should not have any contact with the sample 
holder. Since the volume of the CuCl powder will change once it is melted, the initial 
volume of the CuCl to be used was measured based on the mass of the CuCl powder 
and the density of molten CuCl. The density of molten CuCl is 3.69𝑔/𝑚𝐿. An 
observable mark was drawn on the outer layer of the crucible wall was one effective 
method to indicate how much CuCl powder was required.  
On each of the holder pillars, two nuts were placed to act as stoppers in order to 
hang the specimen. Before each test, the nuts’ and washers’ placement were adjusted 
depending on the sample, the clamps, and the height of the molten CuCl estimated 




4.4.3.2. Immersion Experiment  
Once the preparation steps were done, the immersion test assembly should be 
prepared as well. The immersion test system had to be purged by inert gas (nitrogen 
gas) at 60 to 70ml/min for 30 minutes before running the main experiment. In order 
to check the sealing mechanism during the deareation process, soapy water was 
sprayed over all connections and joints. Once the deareation is over, the heating 
mantle should be at 510 ± 5°C. The additional 10°C was based on ASTM and Fused 
quartz properties manual to compensate for thermal losses and gradient across the 
fused quartz immersion vessel body. Thermal losses could be controlled by 
wrapping insulating fiberglass cloth around the ITV.  
When the temperature inside the ITV controlled at 500.0 ± 1.1°C for 30-45 minutes 
(it could be recognised by the thermal cut-off thermocouple), the inert gas flow was 
decreased to around 20ml/min and maintained throughout the test. After 15 to 20 
minutes of the last step, the CuCl powder had to be melted in the crucible. The 
samples were immersed by releasing the handling rod. The handling rod was safe to 
access by opening the cap of the top insertion of the connections to the immersion 
vessel. Once the samples were immersed in the ITV, the system should be closed 
and sealed by tightening the cap. The thermal cut-off system was set to 550.0 ± 
1.1°C.  
The immersion test period which was chosen for this tests is around 5, 48, and 100 
hours that was manageable during the week with initial experiment preparations and 
post steps and it was also appropriate if the results were confirmed to extend the test 
period. These periods were chosen to evaluate the corrosion rate and the period of 




Finally, once the immersion period was passed, the samples should be lifted from 
the crucible and left outside the crucible for 4 hours to allow the remaining CuCl on 
the surface to drip off while the inside temperature of ITV was still maintained at 
upper than CuCl melting point. The cooling process should be controlled by 
gradually reducing the temperature of the ITV. After 2 hours that the ITV was at 
room temperature, the lid of the ITV could be opened and the specimens were 
retrieved.  
4.4.4. Test Operation Method 
4.4.4.1. The Handling Device 
The handling device was installed, generally, in order to ensure sample contact with 
CuCl only during the immersion test operation at high temperature. The handling 
device functions were included; preventing sample contact with the CuCl during the 
pre-heating period; ensuring that holder did not have any contact with the molten 
CuCl; and allowing any remaining CuCl to drip off the sample at the end of the 
immersion period. 
The samples were placed on a stainless steel plate which was controlled by a 
handling rod for lifting and turning the samples inside the immersion test vessel 
before and after running the test. The clamps were tightening on the top flat part of 
the sample, so round part of the sample was immersing in molten CuCl. All of the 
samples should be hung out of the CuCl during pre-heating. Once the CuCl reached 
to the molten state, the plate should be rotated on the pillars and allowed to slide 





After the desired immersion period, the rod was lifted again and the top plate was 
placed on top of the three pillars. The sample hung inside the vessel, top of the 
crucibles, to drip off most of liquefied CuCl which remained on it. 
4.4.4.2. Pressure Relief Device 
A 10-psig pressure relief device (Figure 4-5) was installed for the immersion test. 
During the inert gas injection into the system, if the system pressure exceeded, the 
pressure relief valve would discharge the gas to reduce the pressure. This discharged 
gas would flow to the condenser through the hose that is attached to the discharge 
valve of the pressure relief. So, the discharged gas would remain in the immersion 
test apparatus and vent through the scrubber before releasing it to the fume hood. 
4.4.4.3. Thermal Cut-off System 
The heater controller mechanism was used in case the controller (Figure 4.6) did not 
receive any feedback signal from its own thermocouple during the immersion test. 
The controller will assume that the set temperature has not been achieved and will 
continue to heat the vessel until it reaches the maximum temperature (650°C).  
Therefore, the thermal cut-off system was on-call. It means, if the thermal cut-off 
system received any feedback signal which indicated the system was achieved to the 
set temperature (this temperature (550°C) was set higher than the heater controller 
set temperature (500°C)) from the thermocouple which was used to monitor the ITV 
temperature of the heating mantel, the system (heating mantel and heater controller) 
that were supplied by thermal cut-off power supplier bar would be immediately shut-
off. It would happen by a relay which would be switched off, cutting the system 




the cut-off temperature, the relay would be reset the condition again and this loop 
would continue, unremitting. The circuit diagram of the thermal cut-off system 
showed that this relay circuit was dependent on the feedback from the thermocouple. 
The thermal cut-off system would ensure that the immersion test could be run safely 
even during overnight without supervision. 
4.4.4.4. Post Experiment Cleaning 
After the test, once the specimens were lifted from the ITV, there was usually some 
deposit CuCl remaining on the surface. The remaining deposit of CuCl on the 
surface should be removed to make the study on the surface of the sample possible. 
The solidified remaining CuCl was dissolved using saturated EDTA at around 80°C. 
All steps of the cleaning process was occurred on a heating plate and using a 
magnetic stirrer to accelerate the dissolution of the solidified CuCl. The saturated 
EDTA solution is colorless, therefore the solution color could be used to indicate if 
there was any solidified CuCl on the sample. Once the solution turned to a dark 
green-blue, the sample was removed, and the cleaning process was repeated by new 
solution.  
After the cleaning process, the specimen were rinsed with distilled water and then 
drying them in the oven at 80℃ for 20 minutes. After the rinsing and drying, the 
samples were placed in the insulated container. 
4.4.5. Visual Examination 
After each immersion test, it is considerable that the first evaluation is by visual 
examination. Any change in shape of the samples could be an indication to study. 




however delamination or cracks could be shallow and corrosion could be stopped 
before reaching to the underneath or bond layer. Pitting sometimes are also obvious 
during the visual examination.  
Color change should be considered as an important evidence to study on samples. 
Green color is the sign of deposited copper on samples that was cleaned by EDTA, 
if it is on the coating it could be a good sign that coating resists in molten CuCl. 
Colorful surface is also considerable. This could be happened because of the coating 
material reactions with the environment materials either on the coating surface and 
CuCl or the base metal and CuCl and it needs further study. Red color could be the 
sign of corrosion on steel coatings or base metal (mild steel).  
Optical microscope also could be appropriate equipment to determine the 
susceptible points in advance for SEM/EDX tests. All points had been chosen at this 
step could be marked and later that points can be evaluated by SEM/EDX. In this 
order, Model (KEYENCE VHX-1000) digital optical microscope was used. After 
the sample insertion under the microscope lens, microscope should manually 
adjusted gradually. It should be noted that optical point should be focused on the 
desired point of the sample. Once it was adjusted correctly, digital images had to be 
taken and save to a memory. 
4.4.6. Weight Change Analysis 
The “oxidation test” is an important experiment to evaluate and ensure that sealing 
mechanism performance at high temperature. After sealing the vessel and checking 
the leakage points by soapy water there was still no guarantee that oxidation did not 
occur in the system. The oxidation could happen by oxygen or water vapor entrance 




4.4.6.1. Sample Treatment before Immersion  
According to the results of the “oxidation test”; initial weight of the bare specimen 
should be measured and compared with the final weight. Samples should be 
prepared in advance for the tests. Therefore initially, all samples should be rinsed 
three times by distilled water and then polished with a sandpaper. The polishing 
should be done from the coarsest to the finest sandpaper and finally should be 
polished with the softest sandpaper (i.e. 600 grit) to clean the samples’ surface from 
steel oxidation and eliminate the annoying film and coarse surface. The polishing 
should occur in two perpendicular ways. The specimen was held on a fix and flat 
table while it should be polished using sandpaper in one direction. Once, polishing 
lines got appeared on the specimen surface, the specimen should be rotated 90° and 
polished further.  
4.4.6.2. Weight Change Analysis 
In advance, initial weight should be measured three times by a closed analytical 
balance. For each attempt the balance should be recalibrated and each attempt to 
contact the sample should occur with new plastic gloves. Tests should be run at 
different periods of time to ensure that sealing mechanism of the system. After 
running the tests, the final weight should be measured (three times). After this 
procedure samples should be kept in an isolated bag for more tests, in case of future 
use. All weights were measured by balance and error was ±0.0005.  
It should be noted, the bare specimen was evaluated exactly after the immersion test. 
Once the immersion test is done and cell temperature drops to the room temperature, 




gloves. The specimen weight should be measured three times. After the 
measurement, specimens should be maintained in isolated bags.  
One of the most effective methods to analyse the results of the mechanism is 
measuring the rate of weight change. Study on weight change could help to have a 
comprehensive analysis on the sealing mechanism.  
4.4.7. EIS and SEM/EDX 
4.4.7.1. Sample Preparation before SEM/EDX  
After the immersion test, samples had to be prepared for examination by SEM and 
EDX. The main preparation steps for SEM and EDX include: Sectioning, polishing, 
and mounting. 
Cutting and Polishing 
An automatic slow speed saw (Brilliant 221) was used to cut the specimen to obtain 
a cross-sectional sample. For cutting the coated sample, the lowest feed rate (0.1 
mm/minute) was selected to minimize damage to the coating during the cutting 
process. Once they sectioned, the cross-sectional sample was placed in a 60 mm 
diameter plastic mold with the cross-section surface facing upward. An epoxy 
hardener was mixed with epoxy resin in a 1:5 ratio and then poured into the mold. 
The epoxy should be kept to solidify, usually taking 5 to 7 hours at room temperature 
25°C or one hour at 80°C. Once, the epoxy mixture solidified, the sample was 
extracted from the mold.  
The cross-sectional sample embedded in the epoxy mixture was polished to create a 
complete smooth surface before characterization. Different grit size sandpapers 




(average 600 grit size). The coarsest paper was used to remove the major roughness 
from the surface. Water had to be used as a coolant while polishing the sample by 
wet sandpaper to get finer surface.  In automatic machines, the sample was held in 
place by hand on the rotating sandpaper disk. Once, polishing lines appeared on the 
sample surface, the sample was rotated 90° and polished. 
4.4.7.2. SEM and EDX Preparation  
The cross-sectional part of sample was mounted on a holder before inserting it to 
the microscope vacuum chamber. As the holder had a larger diameter than the 
sample, it was taped and glued to keep it and ensure that it would not fall off the 
holder while inside the vacuum chamber. A carbon tape should also be attached on 
the mounted sample to conduct the electrons on the sample (especially on the 
ceramic coatings which are non-conductive). 
4.4.7.3. SEM and EDX Experiment 
The researcher could use different settings for micrographs of the instruments that 
have a wide range of adjustable variables and parameters. One of the considerable 
parameters is the accelerating voltage to modify the image resolution and quality. 
The best accelerating voltage for the materials examined was 15kV which provides 
an appropriate resolution and also allows enough time to acquire images of the non-
conducting parts of the specimen. This accelerating voltage caused decrease in the 
charge build-up, even on the ceramic coated sample. The acceptable quality of SEM 
images was at 300-600X magnification.  
The distance of the gun to the sample has effects on the image resolution. The higher 




Furthermore, the working distance is also essential to minimize losing signals of X-
ray, secondary, and back scattered electron. The best effective way to adjust sample 
distance is using the holder patterns which are on the instruments. The shortest 
working distance was desired to accomplish a better quality microscopic image. 
Once the working distance was increased, the electron charges on the surface of the 
sample would be increased and the images would not be generated clear. The chosen 
optimal working distances were around 10mm and 15mm. Test operation with the 
selected working distances there was no room left between the electron gun, the 
detectors, and the holder for the sample to be moved, due to the size of sample. It 
was so easier to locate a carbon tape during SEM examination, as the tape has a 
tendency to keep a charge build-up on it. The tape was placed at a certain distance 
from the desired spot which was supposed to evaluate, hence the SEM/EDX 
examination process would be easier. When the spot was found, the EDX spectra 
and SEM image of that spot were recorded. The SEM image and EDX spectra were 






5. RESULTS AND DISCUSSION 
Based on earlier results, this project was started with modifying the sample 
geometry. Another critical part of this project was improving the system 
performance and ensuring that the experiments worked properly and in a safe 
manners. It was also decided that the focus of this study would be limited to the 
coatings at this stage without considering the substrate alloys. Therefore, all the 
coatings were applied on the substrate which was made from medium carbon steel. 
5.1. New Geometry Performance 
One of Edwin Siantar’s conclusions was that the coatings delaminated due to 
improper coating application at the edges of the specimen, due to the nature of the 
thermal spray process.  
 





Therefore, a bullet shaped geometry (Figure 5-1, a) was chosen for the current 
project. Since this geometry was without the sharp edges, it allowed uniform 
deposition of the coatings on one of the specimen. This geometry should enable 
survival of the specimen when it is immersed in CuCl. Furthermore, new design 
provided an easy access to the immersed area cross-sections for characterization of 
the immersion results by using the SEM/EDX techniques. 
5.2. Sealing Mechanism  
An effective method to analyse the performance of the sealing mechanism which is 
explained in Section 4.2.3.5. is measuring the corrosion rate. A study of weight 
change of the specimen on exposure, which is indicative of corrosion rate, could 
help in evaluating the effectiveness of the sealing mechanism.  
5.2.1. Pre-Oxidization Tests 
In order to evaluate the vessel sealing mechanism before running main immersion 
test on coated samples, “Pre-oxidization tests” were performed. These tests were 
performed by suspending an uncoated specimen in the ITV and heating the 
apparatus to 500℃ for different periods of time. The test was performed under the 






Figure 5-2; Schematic of Pre-Oxidation Test 
(“a”, is the uncoated sample suspended at 500 ℃, and “b” is the nitrogen pressure at the inlet 
entrance.) 
Results of the pre-oxidization tests are shown in Table 5-1;  












5 64.1235 64.1236 0.0001 21.9911 0.0045 
Blank 
sample 2 
48 65.1919 65.1921 0.0002 21.9911 0.0091 
Blank 
sample 3 
100 63.6851 63.6857 0.0006 23.1000 0.0260 
The weight loss (in mg) over area (in cm2) of the specimen was calculated and is 




approximately has 1 cm diameter and 2 cm height) and an end which is a hemisphere 
(with approximately 1cm diameter).  
Figure 5-3 shows the specimen before and after the pre-oxidation test. 
 
Figure 5-3; Samples (a) Before and (b) After 100 Hours Pre-Oxidization Test 
Figure 5-4 shows that, the corrosion rate did not increase or decrease monotonically 
with time. However, the regression and the corrosion rate demonstrated no 
significant fluctuation over time, therefore this behaviour could be anticipated for 
prolonged periods of time. 
 






























The weight change, as shown in Figure 5-4, can indicate two possibilities; 
 Weight change would steadily increase for long periods of time. This will 
indicate that oxygen continuously enters the apparatus during the experiment, 
or 
 Weight change initially increases due to residual oxygen in the ITV. Once 
residual oxygen is consumed, weight change should stop and corrosion rate 
approaches to zero. 
If the presence of oxygen is detected, it could be due to the reasons described earlier. 
In order to distinguish the two possibilities described above, a method was 
developed. In this method, a piece of uncoated metal should be used as a “sacrificial 
metal” to react with oxygen that enters the vessel during the immersion test or react 
with the residual oxygen which was trapped inside the immersion tests vessel. In 
case of the second possibility, since a fixed amount of oxygen reacts with more metal 
surfaces in the same period of time, weight increase would stop once all the residual 
oxygen is consumed and this would indicate that the sealing mechanism worked 
properly.  
Furthermore, based on Uhlig’s handbook [46] and Revie [54], all corrosion rates 
which are less than 0.15 mm/y, are acceptable rate for the most critical applications.  
The regression method demonstrated that the results were acceptable and could be 
used to predict the trend for longer periods.  
5.2.2. Oxidization Test during the Immersion Test 
Once the sealing mechanism passed the pre-oxidation tests, new series of actual 




new sealing mechanism which is explained in Section 4.2.3.5. During new series of 
immersion tests, an additional “sacrificial metal” (‘c’ in Figure 5-5) was used to 
evaluate and monitor the sealing mechanism as explained previously in Section 
4.2.3.5.2.2. The sacrificial metal has more affinity for oxygen compared to the 
coated samples being tested. Therefore, any oxygen present in the vessel is likely to 
corrode the “sacrificial metal” instead of reacting with the coatings being evaluated. 
 
Figure 5-5; Schematic of the Oxidization Test during the Immersion Test. 
(“a” is the coated specimen being evaluated in molten CuCl crucible , “b” is the coated specimen 





All results were recorded based on ASTM procedures in detail in Table 5-2.  
















5 29.6889 29.6889 0 12.9991 0 
Blank 
sample 4 
48 27.588 27.5881 0.0001 12.9991 0.0077 
Blank 
sample 5 
100 29.3225 29.3226 0.0001 12.9991 0.0077 
The “sacrificial metal” will also be helpful in determining if the oxidization occurred 
only due to the residual oxygen inside the vessel, or due to leakage in the sealing 
mechanism. If “sacrificial metal” weight increases, it would indicate that there was 
leakage in the ITV seals. If the oxidization rate or weight gain stopped after a while, 
this might indicate that the initial oxidization was based on residual oxygen inside 
the vessel, and there is no leakage in the system. Figure 5-6 shows the conditions 
of the “sacrificial metal” before and after the test. 
 





Figure 5-7, was plotted based on recorded weight changes of the sacrificial metal 
during the immersion tests for different periods could prove that the sealing 
mechanism worked properly. The weight change rate stopped after 50 hour 
experiment, demonstrating that the oxidization occurred from the initial stored 
amount of oxygen left in the vessel when the test was initiated.  
 






























5.3. Immersion Test Examination 
There were six combinations of the samples which were evaluated; bare metal which 
was used for oxidation tests, metal coated with Diamalloy 4006 or SHS 9172 as a 
metallic coating, metal coated with YSZ as a ceramic coating, metal coated with 
YSZ and Diamalloy or SHS 9172.  
 
Figure 5-8; Schematic Cross-Sections of Coatings on the Specimen which were Evaluated  
( “a” is uncoated base metal only, “b” is metal coated with ceramic coating, “c” and “d” are 
metal coated with metallic coating, and “c” and “f” are metals which are coated with metallic and 
then ceramic coatings) 
A list of all samples that were evaluated and tested during the immersion test, are 
provided bellow, in Table 5-3.  
Table 5-3; The Samples List 
Coating # Sample name Abbreviation 
0 Bare (uncoated) medium carbon steel - 1045 Mild 
1 Medium carbon steel (1045) coated with YSZ coating  YSZ  
2 Medium carbon steel (1045) coated with Diamalloy 4006 and YSZ coatings Dia+YSZ 
3 Medium carbon steel (1045) coated with SHS 9172 coating SHS 
4 Medium carbon steel (1045) coated with Diamalloy 4006 coating Dia 




5.3.1. Immersion Tests Results 
5.3.1.1. Evaluation of Coating # 1 (YSZ): 
First test was run for 5 hours on coating # 1 (as mentioned in Table 5-3). This sample 
was coated with YSZ coating on the mild steel without the bond coating. 
 
Figure 5-9; Picture of Sample with Coating #1, (a) before, and (b) after Post-Immersion Cleaning 
Figure 5-9 indicates YSZ corroded after 5 hours of immersion test. The SEM 
micrograph (Figure 5-10) shows only a thin layer of coating remained on the base 
metal. This coating corroded severely. This could be due to the fact that the coating 
did not have enough thickness to resist the molten CuCl attack. The other possible 
reason could be the lack of integrity between ceramic coating and the base metal, 
leading to faster degradation than usual.  
After immersion test for 5 hours in CuCl and post-immersion cleaning, the specimen 
displayed green color which is copper deposits. This color became prominent once 





Furthermore, copper deposits could also be seen by EDX test (Figure 5-10). 
However, a thin layer of YSZ on the base metal and a layer of copper (chloride) 
deposits were also stuck on the base metal. It is shown by the compositions list from 
EDX results. Large amount of copper indicates severe corrosion occurred and 
copper diffused through the coating. 
 





5.3.1.2. Evaluation of Coating # 2 (Diamalloy 4006 + YSZ): 
Second test was performed on coating # 2 (as mentioned in Table 5-3). This sample 
was tested for 48 hours. This combination seemed more resistant in the molten CuCl 
solution. (Figure 5-11) 
 
Figure 5-11; Picture of Coating # 2 (a) before and (b) after 48 h Immersion test 
After the 48 hours test, the YSZ layer of coating was seen to have delaminated in 
some regions, as shown in Figure 5-11. In addition, SEM and EDX test was carried 






Figure 5-12; SEM and EDX Results of Coating # 2 after 48 hours Test 
The top YSZ coat was dissolved in a manner similar to the first test for Coating # 1. 
However, Diamalloy coat looks intact, with good adhesion to the substrate. The most 
promising aspect was that the Diamalloy coating kept its integrity in molten CuCl 
environment for the tested duration. As Figure 5-12 shows, the bond coating and 
the base metal look unaffected and intact, although EDX result shows small amount 
of chlorine and copper which were passed to the inner layers of the Diamalloy 
coating. 
Coating # 2 was tested for a second time after the sealing mechanism was improved 
as described earlier in Section 5.2.1.2. This sample was evaluated in the similar 




the surface of this sample had were formed during the fabrication process. Since 
most of the cracks were appeared on the outer layer of the sample, it might indicate 
YSZ could not resist very well in the molten CuCl. 
 
Figure 5-13; Coating # 2 which was immersed for 100 hours 
The EDX indicates that in this sample, the coating was successful in preventing 
CuCl from reaching the base metal. Therefore, it seems that the sealing system was 
effective in preventing oxygen leakage into the ITV. However, the SEM images 
(Figure 5-14) indicate that the YSZ layer eroded and/or delaminated from the bond 
layer. The delamination could possibly have occurred during the cutting step while 
preparing the sample for SEM/EDX observation. Diamalloy exhibits good adhesion 






Figure 5-14; SEM/EDX Results of Coating # 2 which was Immersed for 100 h 
5.3.1.3. Evaluation of Coating # 3 (SHS 9172): 
One of the samples which was coated with coating # 3 was immersed in CuCl and a 
second sample was suspended in the ITV as shown in schematic Figure 5-5 (without 
the sacrificial metal). Figure 5-15 shows the sample which was suspended while a 
second sample was immersed in molten CuCl for 48 hours. It indicates that 
oxidization occurred in the ITV even when the sample was out of the molten salt. 
Few shallow cracks could be seen on the sample, however they were not 





Figure 5-15; Pictures of Coating # 3 which was Suspended (a) before, and (b) after the Test 
Since this bond coating had lower adhesion with the base metal which caused some 
difficulties during SEM/EDX preparation, the coating delaminated during the 
cutting operation. Figure 5-16 shows that the SHS coating exhibited good corrosion 
resistance against CuCl as no trace of copper or chlorine was found in the inner 






Figure 5-16; SEM/EDX of Suspended Coating # 3 for 48 hours 
The second SHS coated sample was immersed in molten CuCl. However during the 
test, the clamp which was used to hold the sample corroded severely. This caused 
the sample to fall into the molten CuCl, and after cooling the sample was stuck in 
the solidified CuCl (Figure 5-17, b). The sample was cleaned first by gently 
removing the solidified CuCl and then by saturated EDTA solution, so that it could 









Figure 5-17; Pictures of Coating # 3 (a) before and (b) after Immersion Test and (c) after Post-Immersion Test 
Cleaning 
Even this SHS coated sample, which was immersed for 48 hours demonstrated good 
resistance to corrosion in molten CuCl (Figure 5-18). EDX results indicate that 
during the immersion test only small amount of chlorine diffused to the substrate 
metal. The coating material delaminated during the cutting process for preparing the 
specimen for SEM/EDX. 
 
Figure 5-18; SEM/EDX of the Coating # 3 which was immersed for 48 hours 




5.3.1.4. Evaluation of Coating # 4 (Diamalloy 4006): 
Diamalloy 4006 was evaluated after the sealing mechanism was improved (Section 
5.2.1.2). The experiment was run for 100 hours with two samples. One of them was 
immersed inside the molten CuCl and the other one was suspended in the ITV, as 
shown in schematic Figure 5.5. 
Both the Diamalloy 4006 coated specimens performed well in the experiment and 
did not show visual degradation after the test (Figure 5-19 and Figure 5-20). They 
had good adhesion to the base metal during the experiment. There were no cracks 
on the samples, and after the post-immersion cleaning procedure the coatings looked 
intact with no visible damage or corrosion. 
 
Figure 5-19; Coating # 4 Suspended for 100 hours. (a) Before and (b) After the Test  
All deposits that made color change on the immersed sample (Figure 5-19) were 






Figure 5-20; Coating # 4 Immersed in Molten CuCl for 100 hours. (a) Before and (b) After the Test. 
EDX results indicate that no copper or chlorine reached the base metal after the 100 
hours test. (Figure 5-21) 
 






5.3.1.5. Evaluation of Coating # 5 (SHS + YSZ): 
Two samples of coating # 5 were evaluated after the sealing mechanism was 
improved for 100 hours. One sample was suspended for 100 hours in the immersion 
test vessel (Figure 5-22) while the other sample was immersed in molten CuCl 
(Figure 5-23) as shown in schematic Figure 5.5. 
The suspended sample (Figure 5-22) had an intact coating surface after the 
experiment. This sample even before post-cleaning procedure seemed clean.  
 
Figure 5-22; Coating # 5 which was Suspended for 100 hours 
The immersed sample (Figure 5-23) had some colorful deposited layers on the outer 






Figure 5-23; Coating # 5 which was Immersed in Molten CuCl for 100 hours 
Based on SEM and EDX results shown in Figure 5-24, no copper or chlorine 
reached the surface of the base metal. 
 





5.3.2. Effectiveness of the Sealing Mechanism Developed 
The immersion tests were performed after the initial modifications of the sample 
geometry, the ITV lid and the handling setup. Four main immersion tests were run 
on four different samples. All samples were tested and then evaluated based on the 
standard procedure as it is described in Appendix 3. 
Out of the four samples tested, two coating candidates corroded severely and two of 
them survived. Since it was expected that new samples will perform significantly 
better due to changing geometry, these results could be attributed to other problems; 
 One possibility could be, excessive leakage of oxygen into the ITV, and 
 Delamination of samples could be due to corrosion seeping in from the other 
side of the sample which was not coated. 
The sealing method was improved and verified by testing an uncoated sample as 
described in Section 5.2.2.  
It was also decided to modify the specimen again to avoid sharp edge on the other 
end which was not immersed. The new shape enables uniform coating on the entire 
of the surface. 
5.4. Coatings’ Performance 




5.4.1. Bond Coating Performance 
Some of the coatings fell off the surface of the samples, either during the 
experiments or during the examinations. Some possible causes of the coating 
disbonding can be:  
 Differences between the thermal expansion coefficient of the coating and sample; 
 Stress or attack from the molten CuCl; or 
 The preparation process for SEM/EDX. 
In previous study by Siantar, it was concluded that thermal expansion correction was 
not an important factor for the material that we are using.  
There were several samples where the coating remained on the surface after the post-
immersion cleaning and rinsing. However, during the sample preparation steps 
involving cutting operation (for EIS and SEM), some of the ceramic coating fell off 
the surface. If the ceramic coatings were damaged during the immersion test, CuCl 
could be found on the underside of the coating and on the exposed metal which was 
originally under the ceramic coating. This means that during the immersion test, 
CuCl remained between the top layer of the sample (or metallic coating) and the 
underside of the ceramic coating, and might have acted as an adhesive layer between 
these two surfaces. After several times cleaning, rinsing and sample preparation, 
some of the CuCl deposits dissolved. Therefore, the ceramic coating fell off since 
there was not enough adhesion between the two surfaces. 
5.4.2. Coatings Corrosion Resistance 
The samples were only dipped halfway into the crucible containing the molten salt 




suspended over the molten CuCl and were exposed to CuCl vapor. CuCl could have 
different effects on the coating candidates. 
YSZ coatings did not survive even short exposure of 5 hours. (Figure 5-22) 
 
Figure 5-25; Samples Performance which were Coated with YSZ  
YSZ corroded immediately on exposure to the molten CuCl (Figure 5-25, a). On 
EDX examination of this sample a thin layer of YSZ remained on the base metal 
which corroded uniformly and significant amounts of copper deposits were evident 
during evaluation and examination the underlying surface (Figure 5-25, b). YSZ 
performance was also analysed after other experiments such as a 48 hour immersion 








Both bond coats demonstrated good corrosion resistance during the immersion tests. 
The Diamalloy coating exhibited high adhesion to the substrate metal, compared to 
SHS coating. 
SHS also provided good corrosion resistance and remained completely intact when 
it was immersed in the molten CuCl. However, it did not have high adhesion to the 
base metal. If SHS adhesion could be improved, this coating might be acceptable as 
a final material candidate. 
 
Figure 5-26; Intact Bond Coats in Different Tests 
Bond coatings were expressed in (Figure 5-26). Diamalloy (and YSZ) looks intact 
after the 48 hour test (Figure 5-26, a) and the SEM image of this proved that the 
substrate metal stayed immune under the Diamalloy. SHS samples also performed 
well (Figure 5-26, f). However, there were serious issues about adhesion to the base 
metal (Figure 5-26, b) and (Figure 5-26, d). EDX results of the SHS coating surface 












Immersion apparatus was modified and improved as each problem was identified 
during the experimentation. The system is now expected to perform satisfactorily 
for prolonged times at the high temperature and corrosive conditions that the 
material is expected to experience in the proposed commercial hydrogen plant. 
Safety procedures and methods were developed and a new sample geometry was 
designed.  
Immersion tests were performed to evaluate the corrosion performance of the 
selected candidate coatings in a molten CuCl environment similar to a proposed 
hydrogen plant. Medium carbon steel was selected as the base metal. For the 
coatings, five types of combination coatings were evaluated for their corrosion 
resistance during molten CuCl exposure. 
The majority of coatings were intact and did not fall off. New sample geometry may 
have improved the integrity of the sprayed coatings, as there were no deep cracks or 
corrosions on the coated specimens. If the coating cracks, it could provide a pathway 
for the corrosive environment to go under the coating layer and react with the base 
metal. 
The first coating to be evaluated was YSZ, applied directly onto the base metal. This 
coating did not survive even 5 hours of exposure to molten CuCl.  
Both the bond coat materials, Diamalloy and SHS, performed well in inhibiting the 
molten CuCl from attacking the base metal. This was verified using SEM and EDX. 
SHS seemed to perform better than Diamalloy, at resisting molten CuCl penetration 




However, these could possibly have been generated during the cutting operation 
when the sample was being prepared for SEM/EDX, after the immersion test. These 
images also indicated that Diamalloy had better adhesion to medium carbon steel 
compared to SHS. Although SHS coatings survived during the immersion process, 
in terms of adhesion to the base metal, this coating could not withstand the forces 
generated during the cutting. Therefore, the coating delaminated from the substrate 
metal, which indicates weaker adhesion. 
Finally, the ceramic coating (YSZ) was applied to the base metal with a bond 
coating, survived the immersion tests, however it showed corrosion and erosion 
within its layers. 
These conclusions are based on limited experiments. Therefore, more experiments 





7. RECOMMENDATIONS FOR FUTURE WORKS 
The recommended future works are as follows;  
 All the candidate coatings have to be evaluated in detail on the new 
verified system with prolonged exposure time.  
 More ceramic coating materials should be evaluated till at least three 
coating materials are identified which can withstand more than 100 hours 
of immersion in molten CuCl at 500°C. Few possible candidates are:  
1. Thicken layers of YSZ; 2. Al2O3; 3. Al2O3+15%YSZ; 4. 
Al2O3+50%YSZ; etc. 
 Since Diamalloy had good adhesion to the base metal and SHS 
performed well as a corrosion resistant material, it would be interesting 
if Diamalloy is applied as a first bond coating for the base metal and SHS 
as the next layer, followed by a ceramic layer.  
 Cobalt or Nickel should also be investigated for their performance as 
base coating materials. 
 The successful coatings should be coated on the corrosion resistant alloys 
which were identified by the initial literature survey. This will yield 
different ceramic-alloys combinations. For all these combinations the 
performance should be evaluated in detail. The three most successful of 
these combinations should be selected for final study.  
 The coating candidates should be re-analysed by subjecting them to 
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Appendix 1: CuCl thermodynamic analysis 
@ 800°𝑲: 
Element H@ 800K (KJ/mol) S@ 800K (J/K mol) 
Cl2(g) 18.11 258.4 
Cu(s) 13.13 58.75 
CuCl(l) -104.08 151.2 
CuCl2(s) -166.95 183.9 














+ 58.75) − (151.2) = 36.75 (J/K) = 0.03675(KJ/K mol) 
∆𝐺° = (∆𝐻° − 𝑇∆𝑆°)𝑓  
∆𝐺° = 126.265 − (800 × 0.03675) = 96.865 (KJ/mol) 
When ∆𝐺° > 0, the reaction is not spontaneous in the forwarding.  
∆𝐺° = −𝑅𝑇 ln 𝑘  









⁄ = −14.57   














⇒ 𝑃𝐶𝑙2 = 2.21 × 10
−13 














+ 151.2) − (183.9) = 96.5(J/K mol) = 0.0965(KJ/K mol) 
∆𝐺° = (∆𝐻° − 𝑇∆𝑆°)𝑓  
∆𝐺° = 71.925 − (800 × 0.0965) = −5.275 (KJ/mol) 
When∆𝐺° < 0, the reaction is spontaneous in the forwarding.  
∆𝐺° = −𝑅𝑇 ln 𝑘  









⁄ = 0.79   



























Element H@ 1000K (KJ/mol) S@ 1000K (J/K mol) 
Cl2(g) 25.56 266.8 
Cu(s) 18.73 64.99 
CuCl(l) -84.2 174.8 
CuCl2(s) -150.61 202.1 














+ 64.99) − (174.8) = 23.59 (J/K) = 0.02359(KJ/K mol) 
∆𝐺° = (∆𝐻° − 𝑇∆𝑆°)𝑓  
∆𝐺° = 115.71 − (1000 × 0.02359) = 92.12 (KJ/mol) 
When∆𝐺° > 0, the reaction is not spontaneous in the forwarding.  
∆𝐺° = −𝑅𝑇 ln 𝑘  









⁄ = −11.08   





























+ 174.8) − (202.1) = 106.1(J/K mol) = 0.1061(KJ/K mol) 
∆𝐺° = (∆𝐻° − 𝑇∆𝑆°)𝑓  
∆𝐺° = 79.19 − (1000 × 0.1061) = −26.91 (KJ/mol) 
When∆𝐺° < 0, the reaction is spontaneous in the forwarding.  
∆𝐺° = −𝑅𝑇 ln 𝑘  









⁄ = 3.24   


























Appendix 2: EIS Test Experiment Procedure 
1. Rinse the beaker and graduated cylinder with both tap and distilled water three 
times. Determine what type of solution is required as the electrolyte, and how many 
grams of a salt required. Weight carefully the mass and make the solution using de-
aerated distilled water. Once the solution has been made, purge with argon gas for 
5 minutes to remove all the oxygen in the solution. 
2. Wash the cell with both tap and distilled water three times each and use a funnel 
to pour the solution into the cell. Make sure there are no bubbles formed in the tube 
inside of the reference electrode housing because it could disturb the stability of the 
potentiostat and create a false reading. If there is a bubble formed, press the top of 
the luggin well with your thumb to break the bubble. Shaking the flat cell could also 
help to break the bubble. 
3. Rinse the reference electrode with distilled water and place it in the luggin well 
in the cell. Rinse the counter electrode and place it in the counter electrode 
compartment on the left of the cell. Purge the cell using argon gas for 5 minutes. 
4. Rinse both sides of the sample and turn the flat cell 90° to the side so that the 
sample can be clamped into the cell. Place the o-ring on the desired area to be tested 
and then place it on top of the opening hole of the flat cell. Make sure that there are 
no bubbles within the cell and shake the flat cell upside down twice to remove any 
bubble build-up on the working electrode after clamping the sample. There is a 
possibility of a bubble trapped in the luggin capillary. This can be removed by 





5. Turn on the potentiostat and wait for 5 minutes for the system could warm-up. 
Connect each alligator clip to the flat cell: green lead is for the working electrode; 
white lead is for the reference electrode; and red lead is for the counter electrode. 
6. Run the OCP test for 5 minutes or wait until the potential (E) stabilizes. Start the 
Potentiostatic EIS experiment and set the parameters: frequency range of 30 kHz-
0.1Hz, amplitude of 10 mV RMS, DC vs OCP, data quality of 5, and auto current 
range. Set up the display plot as Nyquist, Bode, and Phase angle plot. 
7. Make sure that all the plots do not have irregular shape or spikes and the starting 
potential value is similar to the potential in OCP test. When the overload sign appear 
shut-down the experiment immediately and restart. 
8. Look at the pre-selected spots on the sample and for every spot, takes three EIS 
readings in each spot to confirm the validity of the result. Once all the readings have 
been taken, make sure that the EIS experiment is off and remove all the connections 
(alligator clip) from the e-cell. 
9. Change the position/removing the sample from the e-cell, clamp the inlet and 
outlet gas tubing, flip the cell 90° counter clockwise, remove the tested sample from 
the cell, rinse the new sample, and place it into the flat cell. 
10. After clamping the sample, gently shake the flat cell to remove any bubbles 
formed on the electrode and sample, and press the luggin well with thumb so that 
any bubbles trapped in the luggin capillarity are removed. 
11. When the whole set of EIS experiments are completed, rinse the sample with 
distilled water three times before putting it into the oven (80°C) for drying. Once 




12. The reference electrode must be taken out of the cell, rinsed three times with 
distilled water, and stored into its filling solution. The flask filled with saturated KCl 





Appendix 3: Immersion Experiment Procedure 
1. Wash all vessels, tubing, and samples using tap water, rinse three times with 
distilled water until there is no deposit/residual left in the vessel. 
2. Measure the height of the crucible and mark the height to be filled with CuCl 
powder into the quartz crucible based on the height mark assigned in each 
crucible. 
3. Place the crucibles on the bottom plate of the lifting and turning device and 
arranged them based on their assigned number to avoid mixing up the 
samples. 
4. Caution is required to avoid tighten the clamp since it could crack or damage 
the coating. Wrap a stainless steel wire around the screws and tied it into the 
top part of sample holder based on the arrangement made. 
5. Carefully place the lifting and turning device with the crucibles into the 
vessel. Place the lifting plate on top of the pillars and made sure that the 
position of each hole is close to the pillar. 
6. Apply the high-temperature grease to the gasket and the lid of the ITV. Place 
the lid and gasket on the vessel body and clamp using the C-clamp. Make 
sure that the clamp is properly tightened to create a perfect seal around the 
immersion vessel. 
7. Place the ITV in the heating mantle and connect the controller to the heater. 
Place the controller thermocouple between heating mantle and the ITV. 
8. Insert the thermocouple into the fused glass tube thermo-well to ITV through 
one of the tubing. Make sure that the thermocouple does not contact the 
copper chloride since it could damage the thermocouple.  
9. Wrap the teflon tape on the joint between steel tubing and the glass tube. 




and secure so that the gas input tube does not come loose once the gas flow 
starts. 
10. Wrap both ends of the tubing with teflon tape and attach the O-ring. 
Assemble the connecting tubing connecting the ITV to the condenser, 
clamped it properly, and check for leaks between the joint 
11. Assemble the condenser and connect it to the scrubber. Attach the discharge 
tubing from the pressure relief device to one of the tubing on the lid. 
12. Fill the scrubber with water (4.5 L) and sodium bicarbonate (390 g). Drop the 
plastic beads into the solution to reduce the size of bubble formed. Wrap a 
wire mesh to the end of the tube on the scrubber’s lid that is going into the 
solution. 
13. Place all the power cords for the system into the power bar that is connected 
into the thermal cut-off system and set the temperature limit to 550°C. 
14. Wrap the top part of the main vessel ITV with a fibreglass cloth to reduce 
heat loss. 
15. Purge the vessel using nitrogen gas for 30 minutes at 50-70 mL/min to purge 
oxygen or other gases from the immersion system before the preheating 
process. 
16. Turn on the heating mantle and set the temperature to 520°C until the inside 
temperature has reached 500°C. Continue purging the nitrogen gas for 
another 15-20 minutes before reducing the nitrogen flow to 20 mL/min. This 
flow rate is kept for the entire length of the immersion test. Make sure when 
the nitrogen gas is being purged, the solution in the scrubber is bubbling to 
indicate that the exhaust gas flow is maintained by the immersion test system. 
17. Open the opening cap and released the lifting rod to start immersing the 
samples. Close the opening cap and made sure there is no leak by spraying it 




18. During the course of the immersion test, check for leaks and the bubble 
regularly, to ensure that the immersion system does not leak. Check the inside 
temperature of the ITV and make sure it stays at 500°C. 
19. Once the immersion test period is reached, open the opening cap and lift the 
lifting rod, rotate it, and rest the plate on the three pillars. Leave the sample 
in lifting position for 4 hours with the heater turn-on to allow the molten CuCl 
to drip-off. 
20. Gradually reduce the heater controller temperature to allow the immersion 
test to cool while maintain the nitrogen gas flow at 20 mL/min. Allow the 
inside of ITV to be cooled slowly and constantly check the handheld 
thermocouple thermometer until the temperature is at room temperature. 
21. Once the ITV inside temperature is at room temperature, shut-off the nitrogen 





Appendix 4: The Post-Immersion Cleaning Process 
1. Cut the SS wire that is attached to the top plate of the lifting and turning 
device and bend the wire to make it shaped like a hook. 
2. Prepare the saturated EDTA using 1 litre of distilled water and 2 ± 0.001 g of 
EDTA. Firstly, heat the Heat the distilled water until it reaches 80 °C before 
adding the 2 g of EDTA. Place the solution into a 1.5 L beaker and place it 
on a hot plate magnetic stirrer (80°C) and set the stirrer at 75 rpm. Make sure 
that the solution is colourless. 
3. Take the wire and hook it into the side of the beaker and ensure that the 
sample is not touching or close to the magnet strip that is rotating on the 
bottom of the beaker. 
4. While the sample is being immersed, prepare another EDTA solution (repeat 
step 2) while observing the change of colour of the cleaning solution. Once 
the colour has changed into blue-green colour, retrieve the sample from the 
current solution and move it to the new solution. 
5. Take the old solution and dispose it in the provided waste bucket. 
6. Repeat step 4 until the colour of the solution remains colourless while the 
sample is being immersed inside the solution. Once there is no change in the 
solution colour, retrieve the sample and allow it to be air cooled for 10-15 
minutes. Once the sample is cooled, rinse it with distilled water for several 
times. 
7. Once the sample is cleaned, unclamped the sample holder carefully and rinse 
the sample with distilled water before placing it in the oven to be dried. When 
the sample is dried, store the sample in the sealed container. 
 
